1862

oP YA 1S

RIGA TECHNICAL
UNIVERSITY

Fabian Andres Diaz Sanchez

SUSTAINABILITY IN FOOD SUPPLY CHAINS:
A LIFE CYCLE PERSPECTIVE

Doctoral Thesis

4

|

i _
\ &

RTU Press
Riga 2025



RIGA TECHNICAL UNIVERSITY

Faculty of Natural Sciences and Technology
Institute of Energy Systems and Environment

Fabian Andres Diaz Sanchez

Doctoral Student of the Doctoral Study Programme “Environmental Engineering”

SUSTAINABILITY IN FOOD SUPPLY CHAINS:
A LIFE CYCLE PERSPECTIVE

Doctoral Thesis

Scientific supervisor
Professor Dr. sc. ing.

FRANCESCO ROMAGNOLI

RTU Press
Riga 2025



Diaz S., F. A. Sustainability in Food Supply Chains:
A Life Cycle Perspective. Doctoral Thesis. Riga: RTU
Press. 192 p.

Published in accordance with the decision of the
Promotion Council “RTU P-19” of 26. June 2024,
No. 207.



DOCTORAL THESIS PROPOSED TO RIGA TECHNICAL
UNIVERSITY FOR THE PROMOTION TO THE SCIENTIFIC
DEGREE OF DOCTOR OF SCIENCE

To be granted the scientific degree of Doctor of Science (Ph.D.), the present Doctoral Thesis
has been submitted for defense at the open meeting of the RTU Promotion Council on 29th
September 2024 at 15:00 at the Faculty of Natural Sciences and Technology of Riga Technical
University, Azenes iela 12/1.

OFFICIAL REVIEWERS

Professor Dr. sc. ing. Gatis Bazbauers
Riga Technical University

Professor Dr. sc. Andrea Capelli
Sapienza University of Rome, Italy

Professor Dr. sc. Giuseppe Tomasoni
University of Brescia, Italy

DECLARATION OF ACADEMIC INTEGRITY

I hereby declare that the Doctoral Thesis submitted for review to Riga Technical University
for promotion to the scientific degree of Doctor of Science (Ph. D.) is my own. I confirm that
this Doctoral Thesis has not been submitted to any other university for promotion to a scientific
degree.

Fabian Andres Diaz Sanchez..........................onl. (signature)
Date: ......oovviiiiiiinn.

The Doctoral Thesis has been written in English. It consists of an Introduction, 4 chapters,
Conclusions, 45 figures, 11 tables, 7 appendices; the total number of pages is 112, not including
appendices. The Bibliography contains 241 titles.



ANNOTATION

This dissertation evaluates sustainability within food supply chains (FSCs), addressing the
critical need for comprehensive assessment tools. The food industry plays a significant role at
the social level and, at the same time, an important part in global environmental degradation,
deforestation, greenhouse gas emissions, and freshwater consumption. Food supply chains,
particularly in meat and fish products, demand significant energy inputs, presenting multiple
challenges for sustainability. Current methodologies for assessing sustainability in food supply
chains often neglect the multidimensional nature of sustainability, primarily focusing on
environmental aspects and overlooking economic and social dimensions.

This research integrates a Life Cycle Thinking approach to holistically assess food supply
chains' environmental, economic, and social impacts. The study proposes a methodological
framework combining Life Cycle Assessment, Life Cycle Costing, and Social LCA. Case
studies from beef and fish cold supply chains evaluate baseline scenarios and energy efficiency
measures, including anaerobic digestion and renewable energy integration. Results demonstrate
the substantial environmental and economic benefits of these measures, particularly in reducing
carbon footprints and improving energy use efficiency through the circular economy and
industrial symbiosis principles.

The doctoral thesis highlights the need for flexible and context-specific LCA boundaries,
enabling tailored energy efficiency interventions in food supply chains. A developed Life Cycle
Sustainability Tool further supports supply chain managers and decision-makers by providing
precise inventory data and visual outputs, integrating economic values like Net Present Value
and Internal Rate of Return. This tool has been validated through practical case studies, proving
its effectiveness in evaluating and improving sustainability in food cold supply chains. In
conclusion, the dissertation provides a roadmap for policymakers and industry stakeholders to
achieve sustainability transformations by bridging the gap between theoretical concepts and
practical applications. The document consists of five main chapters.

Chapter 1 provides an introduction, outlines the research hypothesis, main objectives, as
well as the topicality of sustainability evaluations in different sectors. An extensive literature
review exploring food supply chains' environmental impacts and the current sustainability
assessment methods. Chapter 2 provides an extensive literature review, exploring the
environmental impacts of food supply chains and the current sustainability assessment methods.
It discusses the limitations of existing tools and introduces the need for a holistic, lifecycle-
based approach to address these gaps.

Chapter 3 outlines the methodology, including the development and integration of LCA,
LCC, and S-LCA within the context of the food supply chain. This chapter details the selection
parameters for case studies and main methodological choices within food cold supply chain
cases. Chapter 4 presents the results and analysis of the case studies, focusing on the
environmental and economic impacts of EEMs in beef, fish, and egg supply chains. The
findings highlight the significant potential of circular economy strategies in reducing energy
consumption and enhancing sustainability.



Chapter 5 introduces the life cycle sustainability tool (LCST) and explains its practical
application for decision-makers. The chapter discusses how the tool integrates key performance
indicators, visual outputs, and economic metrics to guide policy and industry-level decisions.

Chapter 6 concludes the dissertation by summarizing the key findings and offering
recommendations for future research and policy implementations to enhance the sustainability
of food supply chains.



ANOTACIJA

Si disertacija noverté ilgtspgjibu partikas piegades kédeés (FSC), risinot nepieciesamibu péc
visaptverosiem novertésanas rikiem. Partikas rlipniecibai ir nozimiga loma socialaja Itment un,
vienlaikus, biitiska loma globalas vides degradacija, mezu izcirSana, siltumnicefekta gazu
emisijas un saldidens patérina. Partikas piegades k&des, Tpasi galas un zivju produkti, pieprasa
ievérojamu energijas patérinu, radot daudzus ilgtsp&jibas izaicinajumus. Pasreizgjas metodes
ilgtspgjibas noveértesanai partikas piegades kedes biezi ignore ilgtsp&jibas daudzdimensiju
raksturu, galvenokart koncentr&joties uz vides aspektiem, nepemot vera ekonomiskos un
socialos aspektus.

Sis pétijums integré Dzives Cikla Domasanas pieeju, lai holistiski novértétu partikas
piegades kezu vides, ekonomiskos un socialos ietekmes aspektus. Petijums piedava
metodologisko ietvaru, kas apvieno Dzives Cikla Novertgjumu (LCA), Dzives Cikla Izmaksu
aprékinu (LCC) un Socialo LCA. Izmantoti liellopu galas un zivju auksto piegades kézu
gadijumu pétijumi, lai novertétu pamatscenarijus un energoefektivitates pasakumus, tostarp
anaerobo gremosanu un atjaunojamas energijas integraciju. Rezultati liecina par batiskam vides
un ekonomiskajam priekSrocibam Sajos pasakumos, paSi oglekla pedu samazinaSana un
energijas izmantoSanas efektivitates uzlabosana, izmantojot aprites ekonomikas un industrialas
simbiozes principus.

Doktora disertacija uzsver nepiecieSamibu p&c elastigam un kontekstuali specifiskam LCA
robezam, kas lauj pielagot energoefektivitates pasakumus partikas piegades k&des. Izstradatais
Dzives Cikla Ilgtspgjibas riks (LCST) papildus atbalsta piegades k&zu vaditajus un lémumu
pienéméjus, nodrosinot precizus inventarizacijas datus un vizualos izvadus, ka ari integréjot
ekonomiskos raditajus, piemeram, tiro pasreizgjo vertibu (NPV) un ieksgjo atdeves likmi (IRR).
Sis riks ir validéts, izmantojot praktiskus gadijumu pétijumus, pieradot ta efektivitati
ilgtsp&jibas novertésana un uzlabosana auksto partikas piegades k&des. Nosleguma disertacija
sniedz celvedi politikas veidotajiem un nozares dalibniekiem, lai sasniegtu ilgtsp&jibas
transformacijas, parvarot plaisu starp teorétiskajiem konceptiem un praktisko pielietojumu.

Dokuments sastav no piecam galvenajam nodalam.

1. nodala sniedz ievadu, izklasta p&tjjuma hipotézi, galvenos merkus, ka ar1 ilgtsp&jibas
novertésanas aktualitati dazadas nozarées.

2. nodala piedava plasu literatiiras parskatu, pétot partikas piegades k&zu vides ietekmi un
pasreizgjas ilgtsp&jibas noverteéSanas metodes. Ta apspriez esoso riku ierobezojumus un izvirza
nepieciesamibu pec holistiskas, dzives cikla pieejas, lai risinatu Sos triakumus.

3. nodala izklasta metodologiju, tostarp LCA, LCC un S-LCA izstradi un integraciju
partikas piegades k&zu konteksta. ST nodala detalizé atlases parametrus gadijumu pétijumiem
un galvenas metodologiskas izvéles partikas auksto piegades k&zu gadijumos.

4. nodala prezent® gadifjumu pétijumu rezultatus un analizi, koncentrjoties uz
energoefektivitates pasakumu (EEM) vides un ekonomisko ietekmi liellopu galas, zivju un olu
piegades kedes. Atklajumi uzsver aprites ekonomikas strat€giju iev€rojamo potencialu
energijas patérina samazinasana un ilgtspg&jibas veicinasana.

5. nodala ievie§ Dzives Cikla Ilgtspgjibas riku (LCST) un izskaidro ta praktisko
pielietojumu lémumu pienémejiem. Nodala apspriez, ka riks integré galvenos veiktspgjas
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raditajus, vizualos izvadus un ekonomiskos raditajus, lai vaditu politikas un nozares 1émumu
pienemsSanu.

6. nodala noslédz disertaciju, apkopojot galvenos rezultatus un piedavajot ieteikumus
turpmakajiem pétfjumiem un politikas ievieSanai, lai uzlabotu partikas piegades kezu
ilgtspgjibu.
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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 its 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 of which are 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 require capturing the full scope of environmental, economic, and
social impacts. For instance, while raising consumer awareness, initiatives such as carbon
labeling and food miles 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 impacts.
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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 (HI1): 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.
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In summary, the Thesis postulates that operationalizing life cycle thinking through a
customized tool can enable consistent, actionable sustainability assessments in the food
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:

e 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.

¢ 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

15



(SME?s) to consistently evaluate and improve their sustainability performance, with an emphasis
on 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, particularly in light of emerging EU sustainability
directives and Corporate Sustainability Reporting requirements. Its transparent output
indicators and user-friendly interface make it accessible to SME, addressing a common
limitation in existing LCA software.

Beyond industry applications, the methodological framework and case findings provide 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:

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

e 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.

e 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.

e 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.

e 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.

e 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.

o 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.

e Temporal scope: The research will focus on current and recent data; thus, long-
term sustainability trends and future projections may not be fully captured.

o 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.

Error! Reference source not found. 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 1: 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.

o 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 to reduce environmental burdens and
improve efficiency.

o 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

19



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.

1.7. Approbation of the research results

Diaz, F. et al. Effects of Energy Efficiency Measures in the Beef Cold Chain: A Life
Cycle-based Study. Environmental and Climate Technologies 25, 343-355 (2021).
Diaz Sanchez, F. A., Koiro, L. & Romagnoli, F. Energy Efficiency Measures on
Cold Supply Chains Problem identification and gaps for the fish sector. Conference
Proceedings of the IEEE 62nd International Scientific Conference on Power and
Electrical Engineering of Riga Technical University (RTUCON) 1-6 (IEEE, 2021).
doi:10.1109/RTUCONS3541.2021.9711739.

Diaz, F., Koiro, L. & Romagnoli, F. Environmental and economic life cycle
evaluation of potential energy efficiency measures on Latvian fish supply chain.
Future Foods 6, 100203 (2022).

Diaz, F. et al. The ICCEE Toolbox. A Holistic Instrument Supporting Energy
Efficiency of Cold Food and Beverage Supply Chains. Environmental and Climate
Technologies 26, 428—440 (2022).

Ruiz, M. & Diaz, F. Life Cycle Sustainability Evaluation of Potential Bioenergy
Development for Landfills in Colombia. Environmental and Climate Technologies
26, 454-469 (2022).

Diaz, F., Pakere, I. & Romagnoli, F. Life Cycle Assessment of Low Temperature
District Heating System in Gulbene Region. FEnvironmental and Climate
Technologies 24, 285-299 (2020).

Other scientific publications related to the topic, but not included in the Thesis:

Zlaugotne, B., Diaz Sanchez, F. A., Pubule, J. & Blumberga, D. Life Cycle Impact
Assessment of Microalgae and Synthetic Astaxanthin Pigments. Environmental and
Climate Technologies 27, 233-242 (2023).

Zlaugotne, B., Sanchez, F. A. D., Pubule, J. & Blumberga, D. Protein Alternatives
for Use in Fish Feed — Life Cycle Assessment of Black Soldier Fly, Yellow
Mealworm and Soybean Protein. Environmental and Climate Technologies 27, 581—
592 (2023).

1.8. Other scientific publications

Diaz, F. & Cilinskis, E. Use of Multi-Criteria TOPSIS Analysis to Define a
Decarbonization Path in Colombia. Environmental and Climate Technologies 23,
110-128 (2019).
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Vamza, 1., Diaz, F., Resnais, P., Radzina, A. & Blumberga, D. Life Cycle
Assessment of Reprocessed Cross Laminated Timber in Latvia. Environmental and
Climate Technologies 25, 58—70 (2021).

Bumbiere, K., Diaz Sanchez, F. A., Pubule, J. & Blumberga, D. Development and
Assessment of Carbon Farming Solutions. Environmental and Climate
Technologies 26, 898-916 (2022).

1.9. Participation in conferences

Diaz, F. & Cilinskis, E. Use of Multi-Criteria TOPSIS Analysis to Define a
Decarbonization Path in Colombia. The Conference of Environmental and Climate
Technologies CONECT 2019. Riga

Diaz Sanchez, F. A., Koiro, L. & Romagnoli, F. Energy Efficiency Measures on
Cold Supply Chains Problem identification and gaps for the fish sector. IEEE 62nd
International Scientific Conference on Power and Electrical Engineering of Riga
Technical University (RTUCON), 2021. Riga

Ruiz, M. & Diaz, F. Life Cycle Sustainability Evaluation of Potential Bioenergy
Development for Landfills in Colombia. The Conference of Environmental and
Climate Technologies CONECT 2022. Riga

Diaz, F. et al. The ICCEE Toolbox. A Holistic Instrument Supporting Energy
Efficiency of Cold Food and Beverage Supply Chains. The final ICCEE conference,
towards more energy efficient companies — focus on various industry sectors. Riga.

1.10. Supervised and co-supervised master thesis

Arnis Dzalbs. Analysis and modelling of the cold supply chain of frozen berries: a
life cycle-based approach for a Latvian case study. RTU, 2020
Lolita Koiro. Energy efficiency measures on cold supply chains- quantitative
approach based on life cycle thinking perspective. RTU, 2021.

M Matuko. Life cycle assessment of cold supply chains: a case study of a Latvian
egg producer. RTU, 2022
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2. LITERATURE REVIEW AND RESEARCH NEED

2.1. Sustainability concept

Over the past five decades, there has been a growing recognition that we inhabit a finite
planet with finite resources. The recognition of this fundamental principle serves as the
foundation for the notion of sustainability, which was initially articulated as “the capacity to
fulfill current human needs while safeguarding the interests of future generations” in the 1987
Brundtland Report [2]. This description aligns with sustainable development, as it encompasses
the essential requirements that society must satisfy.

Sustainability and sustainable development vary in that sustainability is the ultimate
objective, representing the state of a society that has achieved sustainability via a series of
actions. On the other hand, sustainable development refers to the ongoing process of achieving
sustainability. However, when examining the description outlined in the Brundtland Report
about sustainable development, it is evident that while it introduced the ethical principle of
achieving fairness between generations, it did not clarify the specific "needs" that must be
fulfilled. Could those needs be regarded as desires? Does that term suggest that economic
expansion is an inherent component of development? This ambiguity raises a significant
apprehension as the existing financial framework depends on expansion in materials and energy
usage, adversely impacting the natural environment for decades. The previous definition does
not directly address the natural environment; it solely concentrates on human needs or
preferences. The report explicitly states that the '"needs" encompass safeguarding and
preserving the natural environment, but the commonly accepted definition does not.

The question of whether the word “need” should be replaced with “well-being”, “utility”,
or “welfare” has been debated. This viewpoint results in a limited perspective that focuses
solely on human needs, disregarding the consideration of other species unless they serve a
specific function in fulfilling those needs. By 2000, a more precise elucidation of sustainable
development appeared: “Sustainable development encompasses forms of economic and social
progress that safeguard and improve the natural environment and promote social fairness.”[3].
This expanded concept incorporates three dimensions: ecological, economic, and social.
Furthermore, it emphasizes that environmental elements and social equality are fundamental
principles for achieving sustainable growth, and no compromises should be made.

Evidently, “development” is not always directly associated with economic growth. The
ecological economy field also addresses this element, defining development as enhancing
human well-being or realizing human potential [4]. The ecological economy perspective
emphasizes the integration of environmental preservation into development processes, aiming
for economic growth and social development alongside sustainable use of natural resources.
This approach requires that environmental valuation, monetary incentives, and policy
frameworks be aligned to ensure ecological sustainability, recognizing the economic valuation
of the environment as just one dimension among ecological, sociocultural, and other values. It
highlights the critical role of environmental assessment in informing valuation and decision-
making processes to prevent irreversible ecological losses and promote sustainability [5].
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The main benefit delivered by the ecological and economic fields to understanding
sustainability is recognizing a carrying capacity defined by thresholds of ecosystem resilience.
Such recognition has shifted the overlook of the environment as a provider of renewable and
non-renewable materials to the environment as a supplier of ecosystem services (i.e., the ability
to absorb waste, create clean water, air, etc.). This new look at the issue of operating an
economic subsystem within the natural limits has led to the recognition of the ecological
planetary boundaries [6] and the emergence of the doughnut economics concept [7], which
integrates social issues.

As explained by the author of the doughnut representation, “7The Doughnut combines two
concentric radar charts to depict the two boundaries—social and ecological—that encompass
human wellbeing. The inner boundary is a social foundation, below lies shortfalls in well-being,
such as hunger, ill health, illiteracy, and energy poverty.” The figure, as revisited in 2017 in
the paper "A Doughnut for the Anthropocene: humanity's compass in the 21st century”, is
presented in Error! Reference source not found..
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Fig. 2.1. Social shortfalls and environmental overshot representation [7].

However, planetary boundaries, the safe operating space for humanity to live without
transgressing Earth's systems and subsystems, were defined in 2009 [6]. Planetary boundaries
are directly connected to understanding environmental sustainability, which can be defined as
a critical value for a determined concentration of a control variable [6]. Since then, the concept
of planetary boundaries has become a cornerstone in context-based environmental
sustainability, and research on understanding the current state of earth systems has experienced
significant interest in the last decade [8], [9], [10].

23



In the most recent research from the Stockholm Resilience Centre, for the first time, a study
provided a detailed summary of planetary resilience by plotting out all nine boundary processes
that define a safe operating space for humanity [9]. The main finding was that six of the nine
boundaries are transgressed, with ocean acidification approaching its planetary limit,
underscoring the urgency for global environmental action. This alarming development
emphasizes the increasing strain on Earth's systems due to human activities (see Fig. 2.2).
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Fig. 2.2. Current status for all nine planetary boundaries [9].

In 2015, Bjern et al. proposed linking the planetary boundaries framework with LCA, an
integration that introduced the concept of "absolute sustainability," aiming to measure whether
human activities remain within the safe limits defined by the planetary boundaries. This
approach represents an ambitious effort to ensure that products and processes are sustainable
on a global scale [11].

The planetary boundaries framework has since become an essential tool for scientists,
policymakers, and sustainability practitioners. It provides a clear set of guidelines for
maintaining the stability and resilience of Earth's systems, helping to guide global efforts in
addressing the growing environmental challenges posed by human development.

2.2. Sustainability in food supply chains

The environmental and social impacts of the food industry and food supply chains are
multifaceted and complex, and extend across the entire spectrum of the supply chain, from
production to consumption, as discussed and shown during this work. The food and beverage
industry is distinct due to its heavy dependence on extensive land use and other resource-
intensive materials. Approximately 70% of the land area in the European Union (EU) is covered
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by forests or used for agriculture, meaning that production activities in this sector significantly
influence the preservation of natural capital, the quality of life, and employment opportunities
in rural areas. Therefore, enhancing nature in this sector can lead to notable benefits in both
environmental and social aspects.

In a regional context, the food and beverage industry plays a central role in the EU's
economy, accounting for approximately 12.8 % of the added value in manufacturing and
comprising over 280,000 businesses that provide jobs to more than 4.3 million individuals [12],
[13]. In 2012, this sector generated over €1,000 billion in revenue, equivalent to 14.6 % of the
EU's total manufacturing sector, making it the most significant contributor. Furthermore, it
added over €200 billion in value, representing 12.5 % of the EU's entire manufacturing sector
[5]-

The supply chains within the food and beverage sector encompass numerous companies
from various industries and sectors of the EU’s economy, characterized by their complexity.
This complexity stems from the reliance on many raw material inputs that companies process
through several stages across diverse sectors, including agriculture, livestock, aquaculture, food
processing, packaging, logistics, waste treatment, and disposal. Additionally, these supply
chains are marked by significant intricacy due to stringent hygiene and refrigeration
requirements, which substantially impact energy consumption and consequently put additional
pressure on resource use and other environmental issues [14]. Hence, implementing energy-
saving measures in the food and beverage sector supply chains can yield benefits across a wide
array of economic sectors.

The lengthening of FSCs, driven by globalization, has led to increased environmental
impacts due to higher resource use, energy consumption, and emissions. Carbon labeling and
food miles initiatives aim to address consumer awareness, but their scope is limited. Food
losses, impacting society, environment, and business, are exacerbated by challenges in food
safety and perishability, with significant waste occurring at various FSC stages [15], [16], [17].

International organizations like the Food and Agriculture Organization of the United
Nations (FAO), WFP, and UNEP are working towards reducing food losses and waste, which
is crucial for environmental and social sustainability. Technological innovations in storage and
monitoring are crucial for enhancing food safety and minimizing waste. Recently, the role of
consumer perceptions in driving changes towards sustainability, with a growing concern for
ethical issues beyond food safety, has pushed for further considerations towards a more holistic
FSC management [18], [19].

High private standards in food retail contribute significantly to waste, particularly in fresh
food supply chains. The scale of food waste, with substantial losses at the consumer end, calls
for effective strategies in food waste recovery and side-stream valorization. Addressing these
issues is vital for achieving the sustainable development goals (SDG), mainly Target 12.3 on
reducing food waste by 50 % by 2030 [20], [21], [22].

Supply chain management (SCM) has become a cornerstone in reducing food waste and
losses. However, SCM has also been recognized for its largely untapped potential in reducing
environmental and social impacts, evolving from a purely economic performance focus to an
integrated approach that encompasses social and ecological aspects. This holistic approach
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addresses responsibility and ethical issues in the downstream flows of goods (towards the
consumer) and environmental concerns in upstream flows (towards the supplier) [23].

Current research trends and methodologies use a qualitative approach, with case study
analysis being the most common method. These studies explore various sustainability issues,
focusing on supplier management, sustainable development, and collaboration and coordination
management [23], [24]. Many studies in SCM do not follow a specific theoretical framework,
indicating that this research field is still emerging [23], [25], and there is a need for more in-
depth investigations to better understand FSC sustainability, especially in developing countries
where infrastructure and logistics inefficiencies can lead to more FW.

In summary, the food industry's environmental and social impacts and supply chains are
complex and require a multi-dimensional approach for effective management. The focus has
gradually shifted from traditional production-centric models to more holistic ones that
incorporate environmental and social considerations. However, there is a need for further
research and a more comprehensive understanding of these impacts, especially in the context
of developing economies.

2.3. Overview of sustainability methods in food supply chains

A systematic literature review on sustainability evaluation in the food industry, specifically
in FSCs was conducted following the PRISMA-2020 protocol for systematic literature reviews
[26].

Studies on the sustainability of food systems (including agriculture) have gained more
attention in recent years, and there is a rise in popularity among consumers, producers, and
policymakers, as seen in Fig. 2.3 and Fig. 2.4 [27]. Additionally, sustainability research in
engineering, social sciences, business management, and economics (although economy is a
social science) covers a good part of sustainability-related research, as found in the
bibliographic screening conducted in this project (see Fig. 2.3).
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Fig. 2.3. Documents by subject area.



As observed in Fig. 2.4, investigations of sustainability in FSC have risen in the last few
years. Fourteen documents matching the defined string search in the Scopus database were
found for 2021 and 2022, showing an increase of 250 % compared to the last decade.
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Year

Fig. 2.4. Documents by year.

Fig. 2.5 displays the main keywords in the investigated documents, and their links are given
by co-occurrences with other keywords. Forty-one keywords appear in the 84 papers, with 131
co-occurrences 166 times. The bigger the frames and font for a specific keyword, the more co-
occurrences with other document keywords. The particular colors within the network allow us
to identify the most cited keywords among all the documents, with “climate change”, “food
supply chains”, and “supply chains” being the most cited, followed by “life cycle assessment”,

99 <

“sustainability”, “system dynamics”, and “food manufacturing”.

Fig. 2.5. Keywords network by citations.
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Fig. 2.6 shows the main keywords when the co-occurrence is higher than 3, meaning these
topics are often researched in conjunction. “Sustainability assessment” with 25 co-occurrences
was investigated along with “food supply chain”, “local”, “global”, “food industry”, and
“nutrition” topics from 2016 to 2020.
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Fig. 2.6. Highest co-occurrence score network.

An easier way to spot those most investigated topics represented by keywords is the heat
map in Fig. 2.7. This density visualization demonstrates the topicality of combining
sustainability assessments in food supply chains with life cycle assessment methodologies.

However, bibliographic analysis and bibliographic findings, although fundamental to
understanding the main concepts within a research topic, are just an initial screening of the
state-of-the-art scientific literature. Hence, a deep content analysis of the identified literature is
a cornerstone in systematic reviews.
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Fig. 2.7. Bibliographic density map.

Utilizing Research Rabbit, an artificial intelligence tool, an expansion on relevant and
updated literature was performed, as shown in the Fig. 2.8. After a record screening following
the PRISMA methodology for systematic literature reviews, the final number of documents
included in the content analysis was 95 [28].
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2.3.1. Content analysis.

Recent studies have highlighted the complex impact of food chain configurations on health
and sustainability, underscoring the interconnection between dietary choices and environmental
outcomes. A multidimensional approach to sustainability assessment has been advocated,
integrating a blend of both “hard” LCA and “soft” qualitative methods. This would ensure a
comprehensive coverage of sustainability's broader impacts, including often-overlooked
aspects like human health [29]. Brunori et al. (2016) employed a robust methodology,
incorporating media analysis and a Delphi survey to establish 24 sustainability attributes,
assessed through a multifaceted lens that spans ethical considerations to interspecies equity
[29]. Their expansive study examined 39 case studies across varying supply chains and
commodities to measure sustainability performance in a cross-country context. Crucially, the
research highlighted the contextual nature of food supply chains' performance, challenging the
oversimplified dichotomy of local versus global supply chains by revealing that sustainability
performance is nuanced and highly dependent on specific attributes and context. This
complexity indicates that there is no universal “best performing” chain, and instead, a nuanced
understanding of each chain's attributes is necessary for an accurate sustainability assessment.

Ahmad and Wong (2019) have identified that while most existing sustainability assessment
methods in manufacturing predominantly focus on environmental concerns, the food sector's
substantial contributions to GHG emissions, water usage, and waste production necessitate a
more comprehensive approach [30]. Additionally, the industry's influence on nutrition and
public health is significant, with processed foods contributing to detrimental dietary patterns.
Thus, their research advocates for a holistic sustainability assessment.

Considering the consolidated list of 95 papers, a content analysis was conducted to
understand the current state of the art in the topic. First, the papers were grouped by the
employed method, as presented in Table 2.1. It can be observed that LCA is the preferred
methodology for assessing sustainability features in FSC. The share per method utilized in FSC
sustainability assessment in the analyzed sample can be seen in Fig. 2.9.

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], [501, [51], [52], [53], [54], [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 (23], 1581, [69). [701, [71]. {721, [73]. [74]. [75].
[76], 1771, [78], [79], [80]

Multi-criteria decision making (MCDM) 3 [51], [53], [68]

Comparative analysis 2 [29], [81]

Case study-based methods 5 [271, [82], [83], [84], [85]

Indicator-based evaluations 3 861, [871, [88]

Descriptive/qualitative analysis 1 [89]

Econometric/statistical models 3 [901], [91], [92]
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LCC and other life cycle tools 4 [38], [48], [55], [93]
Bibliometric analysis and PRISMA 4 [24], [70], [75], [94]

In general, the content analysis shows that LCA has several key advantages. One of the
most significant advantages is LCA’s comprehensive scope, which enables a detailed
evaluation of environmental impacts throughout the entire life cycle of a product, from raw
material extraction to disposal. This holistic approach enables the identification of critical
stages within supply chains where sustainability improvements can be made. By considering
both environmental and economic data, LCT tools enable informed decision-making and
inform policy, providing valuable insights for both industry and regulators. Many papers note
how LCA's standardized approach facilitates comparisons across different products, industries,
or regions, providing a robust foundation for decision-making in policy and corporate
sustainability efforts.

LCA is frequently praised for its ability to assess multiple environmental impacts, including
greenhouse gas emissions, resource use, and waste generation. This comprehensive analysis
helps businesses identify areas for improvement, such as reducing food waste, optimizing
resource efficiency, or lowering emissions. LCA is also valuable for scenario analysis, aiding
in long-term planning and sustainable product design while supporting the transition to a
circular economy. Its adaptability across sectors like food, energy, and manufacturing
highlights its versatility in addressing various sustainability challenges.

LCA also provides broader sustainability strategies by integrating circular economy
principles, waste management, and resource optimization. It helps pinpoint supply chain
hotspots contributing to environmental degradation, making it a useful tool for targeted
improvements. Additionally, LCA encourages innovation in product design by promoting
sustainability at every phase, driving the development of eco-friendly technologies and
practices. This capacity to foster systemic change is a key benefit noted throughout the
literature.

A common drawback of using LCA is its complexity and data limitations. LCA requires
large datasets for each life cycle phase, which can be difficult to obtain, especially in regions
with limited access to reliable data. Data gaps, particularly in areas like biodiversity or soil
carbon impacts, create uncertainties that can affect the robustness of results. Additionally, LCA
tends to focus on environmental factors, often neglecting socio-economic aspects, reducing its
effectiveness as a comprehensive sustainability tool.

Another limitation is the high computational complexity and cost, which makes LCA less
feasible for smaller companies or industries with limited automation. The initial investment in
time and financial resources can be a significant barrier, especially in sectors with variable or
uncertain data, such as food production or developing regions. LCA also struggles with
capturing localized environmental and social effects, meaning findings may not easily apply
across different regions or sectors, limiting the generalizability of results for broader
sustainability measures.
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Fig. 2.9. Sustainability assessment methods in FSC.

Another typical method used for FSC sustainability assessment is qualitative evaluation.
These methods promote stakeholder participation and interdisciplinary collaboration, which is
particularly beneficial for diverse agri-food systems. They provide a comprehensive evaluation
across socio-cultural, agro-environmental, and economic dimensions, often emphasizing the
benefits of local food systems regarding consumer-producer trust, short supply distances, and
economic resilience. Qualitative approaches also provide actionable recommendations for
enhancing sustainability in food value chains, making them adaptable across various sectors
while fostering a comprehensive understanding of sustainability.

However, there are challenges in quantifying qualitative indicators, and further refinement
is needed for broader application to other agri-food systems. These methods are often limited
to small-scale systems with specific local product chains, making scalability an issue.
Environmental sustainability may also be harder to achieve in local systems due to higher
transportation impacts per unit, and the production scalability remains constrained.
Additionally, qualitative methods, such as checklists, require context-specific adaptation and
may not fully capture the complex trade-offs in larger, more industrialized supply chains.

Fuzzy logic-based methods are widely used in sustainability assessments due to their ability
to handle uncertainties and combine qualitative and quantitative data, making them suitable for
complex decisions. They often include social, environmental, and economic indicators, helping
eliminate bias through multigrade fuzzy models and facilitating organizational comparison.
These methods also help identify key performance indicators (KPIs) for assessing and
improving circular and sustainable practices in supply chains.

However, these methods face challenges, such as subjectivity in weighing indicators, which
can introduce biases. Inconsistencies with life cycle impact assessment (LCIA) methods may
limit the replicability of results, and applying these methods often requires customization.
Furthermore, their focus on environmental aspects sometimes excludes profitability and social
sustainability, reducing comprehensiveness. Data collection and expert involvement can also
be resource-intensive.
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Research suggests combining fuzzy logic with other techniques, like Monte Carlo
simulations, to better account for uncertainties in sustainability evaluations. Stakeholders play
a crucial role in improving sustainability in areas such as waste management and energy
efficiency, although trade-offs, like increased water consumption from circular practices, must
be considered.

The conducted content analysis also highlights the importance of conducting case study-
based assessments. One key finding is the development of decision-making tools, such as
roadmaps, to monitor and plan sustainability progress across multiple levels. These studies
reveal that companies primarily focus on meeting regulatory requirements, driven by pressure
from stakeholders such as customers, communities, and regulatory bodies. Sustainability
practices and assessments often vary based on the perceived importance of these stakeholders,
and case studies show that the roadmap serves as a valuable tool for aligning sustainability
practices across supply chains.

Another finding highlights the role of eco-intensity methods in improving environmental
sustainability by reducing energy consumption, greenhouse gas emissions, and solid waste. In
specific cases, such as the Grupo Nutresa case, companies need to specialize their business
models and leverage international sales to enhance sustainability recognition. Case studies also
highlight the challenges of integrating sustainability into food value chain design, particularly
in terms of biodiversity, energy, and social equity. Shortening food supply chains can enhance
social sustainability and food security, but may not automatically address environmental
challenges. Moreover, while global sourcing can improve transparency, there is significant
variability in sustainability practices and compliance across suppliers. Farms that adhere to
sustainability standards gain market access and community support; however, scaling
production while maintaining sustainability remains a significant challenge.

Finally, several papers included in the analysis do not reference the sustainability of FSCs
or sustainability methods, but rather focus on specific food aspects, such as nutritional content
or physicochemical characteristics.

2.3.2. Industry-level sustainability evaluation methods

Despite its aged definition in the Brundtland report, sustainable development plays a critical
role in industrial decision-making [2]. Various sustainability assessment methodologies have
been developed to evaluate company performance, with significant contributions from the
World Business Council for Sustainable Development [95], the Global Reporting Initiative
[96], and standards developed by the OECD [97].

There is also a growing recognition of indicators and composite indicators as essential tools
in policy-making and public communication, especially in assessing environmental, economic,
societal, and technological performance [98]. These indicators arise from and create values,
condensing complex environmental information into manageable and meaningful data [99],
[100], [101], [102]. A growing need for models, metrics, and tools to articulate current
unsustainable activities poses critical questions on integrating and extending operational
systems for monitoring environmental and social conditions [102]. Other studies have also
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emphasized the purpose of sustainability assessment: to provide decision-makers with
evaluations of integrated nature-society systems to guide actions toward sustainability [103].

Consequently, companies address the sustainability issue in various ways and approaches.
While some focus on the so-called carbon footprint, such as the chemical industry following
the Together for Sustainability (TfS) framework, others evaluate their sustainability
performance using the environmental, social, and governance (ESG) frameworks. TS is a
member-driven initiative to raise corporate social responsibility (CSR) standards in the
chemical industry. It focuses on improving sustainability within chemical companies and their
suppliers, building a global standard for the carbon footprint performance of chemical supply
chains. TS claims to support and coordinate the sustainability performance measurement of
chemical companies and their suppliers. However, regarding environmental quantitative
evaluation, TfS only evaluates GHG emissions, disregarding all other pillars and dimensions of
sustainability [104].

A more widespread framework is the ESG scoring framework. ESG gained popularity in
2000 when sustainable investing became a hot topic, and companies started to disclose the
impact of climate risks on their business models [105]. The 2000s saw the establishment of the
United Nations global compact and the carbon disclosure project (CDP), which focused on
corporate responsibility and climate performance reporting. In 2004, the "Who Cares Wins"
report coined the term ESG, advocating for its integration into investment decision-making
[106].

ESG disclosure through an ESG report has slowly become synonymous with sustainability
reporting, and more companies have jumped onto the bandwagon of ESG scoring. ESG has
become crucial for companies disclosing sustainability reports. It encompasses various
concerns, from climate change and environmental stewardship to social justice, labor practices,
and corporate governance. The ESG framework guides companies in identifying and managing
risks and opportunities related to sustainability.

Nonetheless, disclosing an ESG performance score for rating providers does not necessarily
translate into a sustainability performance or profile. ESG reporting was never intended to
provide a sustainability picture; instead, to supply investors with ESG information for them to
make decisions considering only financial sustainability derived from the level of exposure of
a company to environmental and social risk, and in some cases, the level of damage caused by
the company to some environmental regions of concern [107], [108].

Other industries, especially in the european context, are paying particular attention to the
new CSDR, an ambitious directive aiming to standardize ESG and sustainability reporting
while incorporating additional environmental areas of concern and a robust social evaluation.
The emergence of regulations like the EU's sustainable finance disclosure regulation and the
CSRD demonstrates the growing regulatory focus on ESG disclosure. These require companies
to report on their sustainability practices, aligning with broader ESG and SDG objectives. The
CSRD, enforced in 2023 by the European Commission, aims to introduce a mandatory scope
to the voluntary disclosure of sustainability-related aspects [109]. Although the new legislative
package is more comprehensive in scope, it needs more depth in its framework. Moreover, the
document does not intend to evaluate the sustainability performance of a company or a product,
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but rather to disclose certain aspects commonly related to sustainability, including both
quantitative and qualitative aspects [110].

Other tools exist for different industries to address the issue of sustainability from a product
perspective, rather than a company scoring approach. The construction sector leads the way in
this matter with the early adoption of EPDs as part of several sustainable construction
frameworks in different regions of the world (BREAM, LEED, GreenStar, etc.), pushing for
understanding of the life cycle environmental impact of materials going into construction
elements [111].

An EPD is a certified and registered document that provides transparent and standardized
information on the environmental impact of products throughout their life cycle. The
international EPD system is a worldwide initiative focusing on environmental declarations,
developed in accordance with ISO 14025, TS/14027, 14040, and EN 15804 standards. Their
database currently holds over 10,000 EPDs, which hundreds of companies have registered
across many countries. Having an EPD for a product does not mean the declared product is
more environmentally advantageous than other options. It is a clear and explicit statement on
the environmental impact throughout the life cycle. ISO 14025 is the applicable standard for
environmental product declarations, specifically known as “type III environmental
declarations”. A type Il environmental declaration is generated and officially recorded within
an EPD program operator. An EPD has numerous applications, including facilitating green
public procurement (GPP) and assessing the environmental performance of buildings.

Several types of EPDs exist, each offering different levels of data specificity. Industry-wide
EPDs should present statistical data for transparency and accuracy. Facility- and product-
specific EPDs are vital for policy compliance and should be based on harmonized universal
background datasets. Nevertheless, EPDs face challenges in standardization and adoption,
including high upfront costs for small businesses, inconsistencies in EPD development, and a
need for universal public databases for reference. Additionally, EPDs focus only on
environmental impacts, disregarding the financial and social sustainability pillars. Therefore,
EPDs, although widely accepted as a product environmental performance tool, cannot be
considered a comprehensive product sustainability evaluation.

All these corporate and product sustainability evaluation frameworks and methods have two
things in common: i) the need for impact contextualization and missing sustainability attributes
in different pillars, and ii) they can be highly time and resource-consuming. While the former
issue is more complex to tackle, as it requires a level of commitment that large corporations are
still reluctant to accept, the latter has led to a new wave of LCA software and tools with more
user-friendly interfaces, in an attempt to engage more actors in the LCA methodology as a
product sustainability tool.

Classic LCA software, although decisive in calculating environmental impacts using
different LCIA methods, needs more flexibility to respond rapidly to the diverse needs of
different industries. While SimaPro, for instance, does not graphically allow for product system
visualization, GaBi, the second-largest LCA software, does not enable consequential or
allocation at the point of substitution evaluations, which is crucial for research activities. A
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primary drawback of most commercial LCA tools is the need for greater capability to observe
how impact assessment responds in real-time to changes in the life cycle inventory (LCI).

Despite the latest efforts to simplify the complexity of the LCA methodology and the
expertise required to operate the leading commercial LCA software correctly, new solutions
still need to overcome several barriers, especially for SMEs. Only a few significant entry prices
were added to the need to purchase learning packages to get acquainted with the tool. Another
potential problem with the recent LCA tools is the cloud-based system most offer, as companies
may view it as a risk for their sensitive data (foreground data) in the event of a cyber-attack on
LCA servers. Finally, these new LCA cloud-based tools still require the company to utilize the
service to access an LCA expert who can address the complexities of specific system boundary
designs, such as EPDs, cut-off criteria, and allocation factors.

To successfully promote and accelerate the use of sustainability assessment tools, they need
to overcome the barriers mentioned above. They should be easy to use, without excessive entry
fees, visually engaging, and allow data exporting features. They should also focus on inventory
collection and reporting organically, permitting sustainability professionals with a basic LCA
understanding to navigate them and obtain accurate and timely results.

2.4. Food supply chain considerations

Given the FSC expansion, the likelihood of safety-compromising hazards at any stage,
potentially jeopardizing the integrity of the entire chain, has escalated [15]. Several factors
contribute to the lengthening of the FSC. Primarily, the global population's growth has fueled
an upsurge in food and goods production, necessitating the globalization of the FSC. This
phenomenon has spurred innovations in transportation and cold storage technologies. The
relaxation of trade barriers and increased international trade agreements have further amplified
this trend.

Efforts to educate consumers about their food's environmental impact have emerged, such
as carbon labeling and ‘food miles’ [112]. Carbon labeling, which displays a product's carbon
footprint on its packaging, only partially encapsulates the entire environmental load of the
supply chain due to its dynamic nature and variable transportation distances [113].
Additionally, societal attention is increasingly drawn to the natural resources and energy lost
through food waste [114].

Addressing safety issues in food is a crucial strategy to minimize loss and waste.
Technological advancements in temperature control, energy-efficient storage, new packaging
materials, and smart monitoring systems are among the key measures [115]. The consumer
demand for high-quality, environmentally friendly products has catalyzed changes towards
reducing food waste while sustaining food quality [116].

Consumer food quality and safety expectations significantly influence FSC management
[117]. Quality is not just about product features; it also encompasses customer perceptions and
satisfaction of needs, including environmental and ethical considerations [118]. Research
explores the relationship between quality perception and short supply chains, with a growing
consumer preference for locally produced, organic food [119].
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Recent literature defines food quality as sensory attributes like size, texture, flavor, and
hidden attributes related to safety and nutritional value [120]. Balancing safety, quality, and
efficiency is difficult, given the low profitability in the food industry and the escalating public
concern over FW. Food waste, which comprises nearly one-third of all food production, is a
significant environmental and social burden. Temperature management failures alone can lead
to substantial product loss, increased operational costs, and strained supply chain relationships.

It is essential to differentiate between food loss and food waste. At the same time, the latter
refers to discards at the consumer or retailer level; the former includes any food removal from
the supply chain. Food loss recovery processes include bio-energy production, composting, and
anaerobic digestion.

The FAO defines food waste as food fit for consumption but discarded due to negligence
or a conscious decision [121], [122]. While the quantity and quality of food losses vary,
comprehensive data is necessary to ensure accurate estimations [123]. Food waste in FSCs is
challenging to measure due to the involvement of multiple actors and diverse causes, and is a
significant issue in food security, sustainability, and climate change [124].

Retailers, while addressing food waste, often reject edible food based on visual standards,
contributing significantly to waste in fresh food supply chains [124], [125], [126], [127]. In
China, consumer stages, including households and restaurants, are significant contributors to
food waste, contrasting with the EU scenario, where households are more responsible [128],
[129].

On the other hand, FW at the consumer end is mainly due to quality degradation, expiry, or
damage during handling [130], [131]. Reducing waste through efficient quality monitoring and
addressing the preference for fresher batches in retail settings can mitigate this issue [132].

The extent of food waste, varying between 25 to 40 % in different markets, highlights the
distribution challenges rather than scarcity as a primary driver of hunger [133], [134]. It is
estimated that about 30 % of global food production is lost in the FSC, with higher percentages
in specific regions like the USA [135]. The FAO reported in 2011 that 1.3 billion tons of food
products were wasted annually worldwide, with significant losses occurring at various FSC
stages [136]. The nutritional loss in calories is estimated at nearly 48 % of the total produced
[22]. Addressing food loss is crucial for global sustainability, environmental impact, human
health, and resource conservation [137].

Regarding climate change, the focus is often on clean energy solutions, missing that the
food system, including production, processing, and distribution, significantly contributes to
GHG emissions, accounting for about 26 % of global emissions [138]. The key contributors to
food GHG emissions are broken down into four categories: 1) livestock & fisheries (31 % of
food emissions): this includes emissions from ruminant livestock like cattle, which produce
methane through enteric fermentation, as well as emissions from manure and pasture
management, and fuel consumption from fishing vessels [138]; ii) crop production (27 % of
food emissions): direct human consumption of crops accounts for 21 % of food emissions, with
the remaining 6 % from the production of animal feed. These emissions stem from the
application of fertilizers and manure, methane from rice production, and CO; from agricultural
machinery; iii) Land Use (24 % of food emissions): this involves the conversion of forests,
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grasslands, and other carbon sinks into cropland or pasture, leading to significant CO>
emissions. Livestock-related land use accounts for more emissions (16 %) than crops for human
consumption (8 %). And iv) Supply chains contribute to 18 % of food industry emissions
overall. This category encompasses emissions from food processing, transportation, packaging,
and retail. Transport emissions account for a small percentage (6 %) of global food emissions.
However, food supply chain emissions are crucial in reducing food wastage, a significant source
of emissions [139].

2.4.1. Additional sustainability considerations

The environmental implications of FSC activities are direct and indirect. Direct impacts
stem from the consumption of resources and emissions within the system boundaries of a supply
chain, relating to the utilization of raw materials, energy, and other intermediate products
essential for the processes involved.

For instance, refrigerants are widely used in the FSC, including cold storage, refrigerated
transport, and supermarket display cabinets. However, their environmental impact, particularly
ozone depletion, has led to restrictions in recent decades. Ozone layer depletion is attributed to
chlorofluorocarbons (CFCs), which possess a high ozone depletion potential (ODP). The 1988
Vienna convention for the protection of the ozone layer set a deadline for phasing out CFCs. In
China alone, phasing out CFCs in domestic refrigerators between 2008 and 2011 has reduced
CO: eq emissions by approximately 619.8 million tons and ODP emissions by 100,000 tons
[140]. Hydrochlorofluorocarbons (HCFCs), which replaced CFCs, have a lower ODP but a
higher global warming potential (GWP), exemplifying the shifting burden in quantitative
environmental assessments. This switch to HCFCs could exacerbate climate change, potentially
increasing natural disasters like hurricanes and floods, and impacting biodiversity [141].

Beyond direct impacts, the indirect effects of unconsumed food (food loss and waste) are
significant. In carbon footprint terms, food waste is estimated at around 3.3 Gt CO; eq, ranking
it the third largest source of carbon emissions after the USA and China, compared with direct
national emissions [121], [141]. In the freshwater usage category, food wastage accounts for

approximately 250,000 m’

, equivalent to the annual water discharge of the Volga river,
Europe's longest river [121]. Each ton of wasted food contributes approximately 4.5 tons of
CO: to the atmosphere, and food waste in landfills generates methane, a greenhouse gas that is
far more potent than carbon dioxide.

The land footprint of unused food is also staggering, occupying approximately 1.4 billion
hectares, nearly one-third of the world’s total agricultural area. To meet the projected food
demand of the 2050 global population, production needs to increase by 60 %. However,
reducing food waste could eliminate the need for such an increase [121].

Reducing food waste is crucial for conserving resources and curbing emissions, enhancing
ecosystem quality, ensuring overall environmental protection, and ensuring food security for
humanity. The FSC faces regulatory and environmental challenges, such as increased
traceability and packaging quality measures. These regulations are not universal, adding
complexity to FSC management, particularly in international contexts [142], [143].
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Environmental pressures drive sustainability concerns in the FSC, particularly waste
reduction and packaging reuse [ 144]. These concerns affect not only environmental aspects but
also social stakeholders and the development of corporate social responsibility initiatives [145].

Sustainability in the FSC, particularly in agriculture, is gaining prominence due to its
holistic benefits. The food industry's intrinsic relationship with sustainability is evident, given
its extensive use of natural resources, its role in human nutrition, and the dependence of
communities on food for survival. As noted by Soysal et al., the unique characteristics of food
products necessitate additional logistics efforts due to quality and environmental concerns
[146]. This highlights the need for decision-making tools integrating economic, food quality,
and ecological challenges in FSC sustainability management.

Sustainability is a multifaceted concept in literature with various definitions, which makes
measuring its performance in the FSC challenging due to the inclusion of environmental and
social indicators, which are often difficult to quantify, alongside economic factors [147].

Typically, sustainability assessments focus on one or two environmental pillars or a
combination of economic and environmental factors. Environmental performance indicators
include energy and resource use, carbon emissions, waste production, and ecosystem quality.
Economic indicators may include profit or the internal rate of return. Social performance
evaluations may encompass stakeholder engagement, human rights, and occupational safety,
but these take more work to measure [148].

Research on the environmental sustainability of industries, particularly the food industry, is
available, as are studies on social and economic aspects focusing on improving product quality
and cost-effectiveness [149], [150], [151], [152]. Improvements in sustainability across the food
supply chain require collaboration among all actors [153]. As the FAO states, achieving
sustainability in the food industry necessitates global engagement to address consumer
expectations, policies, regulations, and resource limitations [18].

In the EU, natural resource use, storage, and transport in the FSC are essential to sustainable
development. Sustainability outcomes encompass fulfilling social needs, achieving economic
gains, maintaining ecological quality, promoting well-being, and creating new business
opportunities. However, research on sustainability in the FSC still needs to be expanded [154].
Some studies, such as Mangla et al. (2018), have explored the drivers for implementing
sustainability in the FSC using varied methodologies. However, quantitative environmental
impact assessments for FSC sustainability still need to be explored [70], [155].

2.5. Research gaps

In the current era of environmental awareness and sustainability challenges, the need for
tools that can accurately assess and guide sustainable practices has become paramount.
Traditional methods of evaluating environmental impact often focused on immediate outcomes
or singular aspects of a product’s life, which are no longer sufficient to capture the complexity
of sustainability. This is where life cycle thinking emerges as crucial, offering a holistic
approach that considers the entire spectrum of a product or service’s impacts across its life
cycle. Unlike traditional “cradle-to-grave” assessments, LCT adopts a more comprehensive
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“cradle-to-cradle” perspective, evaluating stages from raw material extraction through
production, use, and end-of-life, while also identifying opportunities for circularity and
innovation.

Despite its conceptual strength, the integration of LCT into practical, user-friendly, and
sector-specific tools remains underdeveloped, creating a significant research gap. Current tools
often lack comprehensive data, have limited adaptability to industry-specific needs, or present
steep learning curves that exclude many practitioners, particularly SMEs. As a result, there is a
clear opportunity to bridge the divide between academic methodologies and industry
application by developing a robust, accessible decision-support tool grounded in life cycle
principles. Such a tool would not only enhance understanding of sustainability metrics but also
promote actionable change by enabling stakeholders to identify sustainability hotspots,
implement targeted interventions, and evaluate trade-offs between environmental, social, and
economic outcomes.

The literature review undertaken in this thesis highlights several critical gaps that inform
the definition of the research problem and objectives:

1. Bridging theory and practice. Although LCT is well established, existing approaches
remain largely conceptual or research-oriented, with limited translation into tools that
can be readily applied in real-world decision-making.

2. Integration of multi-dimensional sustainability. Most existing tools focus narrowly on
environmental aspects, while neglecting or insufficiently integrating the economic and
social dimensions required for a comprehensive assessment aligned with the SDGs,
CSRD, and ESG frameworks.

3. Industry-specific contextualization. Generic frameworks often fail to address the
specific sustainability challenges of food supply chains, including perishability, energy-
intensive refrigeration, and high rates of food loss and waste. Tailored tools are needed
to reflect these operational realities.

4. Operationalization of planetary boundaries and absolute sustainability. While
acknowledged in theory, these concepts remain rarely applied in product- and process-
level assessment tools, limiting their relevance for aligning supply chains with global
sustainability thresholds.

Addressing these research gaps is essential for moving beyond fragmented, overly complex,
or inaccessible methodologies. Therefore, the central research problem identified in this Thesis
is the absence of a comprehensive, practical, and sector-specific LCT-based methodology that
can be used consistently across food supply chains to assess and improve sustainability
performance.

In response, the primary research objective of this thesis is to develop and validate a life
cycle sustainability tool that operationalizes LCT by integrating environmental, economic, and
social dimensions into a practical and user-friendly framework. By tailoring the methodology
to the food industry and aligning it with global sustainability frameworks and policy
requirements, this research seeks to provide a novel, accessible, and scalable contribution to
both theory and practice.
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3. METHODOLOGY

This Thesis aims to propose a novel approach for the sustainability assessment of food
supply chains based on life cycle thinking methodologies to improve existing approaches,
ensuring an expanded view of sustainability issues and allowing different actors across the FSC
to collaborate for a less uncertain evaluation. The methods employed in this study follow a
quantitative research approach, characterized by the stages involved, and are designed to test
the central research hypothesis. A visual representation of the specific quantitative
methodology followed is presented in Fig. 3.1. The methodology is divided into four main steps,
from a research idea and problem definition to developing an LCST prototype and final reports,
including the present document.
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Fig. 3.1. Research framework and methods of the Doctoral Thesis.

After defining the research need based on a preliminary assessment of sustainability
methodologies in the food industry, the problem was described in parallel with the development
of the ICCEE project. Complementing the initial evaluation, the literature review phase was
conducted to understand the current state of sustainability in the sector, followed by scoping
the work and developing a hypothesis and main research objectives. It is worth noticing that
some of these phases, although numbered for visualization purposes, do not necessarily happen
in a strict sequence, and revisiting objectives and scope of work is a standard procedure in
quantitative research methodologies [156].

During these phases, various food supply chains were evaluated to identify the primary
hotspot activities in this type of product system. This was followed by the development of a
comprehensive and dynamic tool to capture the intrinsic complexity of the supply chain while
evaluating different sustainability attributes across multiple pillars.

Finally, the last two phases focus on the results from the case studies, improving the LCST,
and testing and validating the tool. Based on those internal assessments, a final tool version was
developed to deliver the results necessary to meet the intended study goals.

The present study employs a top-down approach, a research methodology that denotes a
process in which the inquiry commences with a subject's most general, overarching facets and
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progressively refines its focus to more specific features. This method is frequently implemented
in economic analysis, scientific research, and the social sciences. A hierarchical procedure is
employed, commencing with the most fundamental level of conceptual comprehension before
delving into the more minute particulars.

Some key features of the top-down approach include:

e initiating from a broad perspective, research begins by examining overarching
theories, frameworks, or concepts. The researcher progressively concentrates on
increasingly particularized elements or case studies that exemplify or align with the
frameworks above.

e theory-informed: established theories or hypotheses frequently influence the top-
down methodology. Following the formulation of a theoretical framework or a set
of assumptions, the researcher collects data or performs analysis related to these
concepts.

e structured methodology: unlike bottom-up techniques, this approach is generally
more methodical and follows a linear framework. There is a distinct hierarchical
progression from the general to the specialized.

e macro-level analysis: initially, attention is directed to macro-level elements,
encompassing broad trends, recurring patterns, or fundamental principles that
regulate the field of inquiry.

e recommendations for subsequent research: the knowledge acquired from the
preliminary, more comprehensive examination assists in influencing and delineating
the trajectory of subsequent, more intricate inquiries.

A top-down methodology is often employed in policy research, where an investigator
initially scrutinizes a nation's comprehensive economic policy, focusing on the distinct
economic consequences within a single sector.

3.1. Research methods.

The research methods are described in the following sections.

3.1.1. PRISMA protocol

In this doctoral Thesis, the PRISMA protocol/methodology was followed to perform the
bibliographic and content analysis presented in the Literature review section. A schematic
representation of the undertaken method is shown in Fig. 3.2.

The PRISMA-P protocol aims to enhance systematic review and meta-analysis protocols'
transparency, accuracy, and completeness, preventing arbitrary decisions and promoting
thorough documentation. It helps in planning reviews, ensuring consistency, and enabling the
assessment of selective reporting. The PRISMA-P checklist includes 17 essential items for
systematic review protocols [28]. These guidelines are well-received by the research
community and are designed to assist authors, reviewers, and funders in creating robust
protocols. Recently, the PRISMA 2020 protocol has updated these guidelines to better align
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with advancements in review methodologies, ensuring their continued relevance and
adaptability [157], [158]. Feedback from users has led to several revisions of the PRISMA
protocol, further refining its utility in systematic review practices [26].
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Fig. 3.2. Systematic literature review scheme following the PRISMA protocol.
3.1.2. Environmental LCA

Environmental LCA is vital for assessing products and processes’ ecological impacts
throughout their life cycle. LCA evaluates environmental efficiency across numerous impact
categories, unlike carbon footprints, which focus on one ecological component [159], [160].
Global warming, resource depletion, and stratospheric ozone depletion are only some of the
impacts or damage categories assessed [66].

The LCA methodology is based on ISO standards 14040:2006 and 14044:2006. Goal and
scope definition, LCI, LCIA, and life cycle interpretation are the four stages of the LCA
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process. This framework facilitates sustainable management decision-making by providing
specific information on environmental impacts [161], [162]. Today, LCA addresses climate
change, biodiversity loss, and pollution [163]. This trend expands LCA from product-level to
economy-wide assessments, which is crucial for decarbonization, sustainable consumption, and
the development of a circular economy [164].

Recent LCA advancements emphasize the integration of other environmental assessment
methodologies for more comprehensive studies. However, standardization is needed to improve
robustness and comparability [37], [164]. Linking LCIA results to planetary boundaries is
becoming critical for understanding the agriculture and food industry sustainability [41], [165],
[166]. An example is the work of Arias et al., who linked Planetary Boundaries with LCA in
the wood-based bioadhesive industry, demonstrating the necessity of such integration for
planetary environmental sustainability assessment [165].

Hence, adhering to Earth's safe and just limits, urging the engagement and coordination of
stakeholders at various levels to establish and execute sustainable practices is recognized today
as necessary [167]. This approach demands robust, transparent, and unbiased methodologies
for translating across scales while acknowledging inherent assumptions, biases, and
uncertainties [168].

The general framework followed when implementing the environmental LCA methodology
during the case scenarios and for building the LCA structure within this research is described
in accordance with ISO 14040 and ISO 14044. While each case study was developed
independently of the others, all followed the same ISO methodology, incorporating a predefined
LCIA method embedded in the LCA commercial software SimaPro.

The LCA calculations in the LCST aim to evaluate impacts that precede the use phase of
food products. A comprehensive understanding of the environmental impacts of products
necessitates examining and evaluating all aspects of their development, use, and disposal. The
specific life cycle impact assessment method embedded in the developed LCST is described in
the subsection 5.1.

3.1.3. Life cycle costing

LCC tracks and accounts for all expenses throughout a product or project's life cycle. It
covers costs from suppliers, producers, consumers, and end-of-life (EoL) actors. LCC has
grown from a project appraisal tool to a crucial component in environmental impact
assessments, sustainability analysis, LCA, and societal assessments. Traditional LCC or cost
management methods may miss end-of-life (EoL) costs or fail to consider environmental
impacts in sustainability assessments [169]. Therefore, LCC should encompass the entire life
cycle and extend system limits to include environmental and social factors, depending on the
specific goal.

Fig. 3.3 shows the three main LCC methods: conventional (C-LCC), environmental (E-
LCC), and societal (S-LCC). C-LCC typically focuses on costs borne by the primary producer
or product user, often excluding EoL scenarios and other life cycle stages, thus limiting its
compatibility with comprehensive environmental appraisal methodologies like LCA [170]. In
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contrast, E-LCC matches LCA in terms of system boundaries and product system models,
making it a complementary approach. It includes costs from the supplier chain, which C-LCC
generally skips [163]. Thus, E-LCC can be used as part of a sustainability assessment, not a
standalone method [171], [172].
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= Societal LCC: Additional assessment of further external costs

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

An E-LCC may compare life cycle costs, identify direct and indirect cost drivers, estimate
product modification improvements, and discover win-win situations when paired with LCA.
E-LCC uses goal and scope definition, information gathering, interpretation, hotspot detection,
and sensitivity analysis, like LCA. The methodology uses quantitative and qualitative
interpretations, including investment appraisal tools and nonmonetary aspects like market type
and sales volume [170], [171].

Like LCA, E-LCC uses direct cost data per unit process. Complex situations or typical
allocation processes may necessitate activity-based costing (ABC) for indirect costs [170]. The
methodology aligns life cycle stage costs for materials, energy, and operational activities with
the LCA reference flows [173], [174].

S-LCC encompasses all social actor costs associated with a product's life cycle, extending
beyond E-LCC. It considers external costs and externalities, including public health and
environmental impacts, making it significant for corporate social responsibility and government
decision-making [169], [171], [172], [175].

LCC modeling categorizes costs by economic categories, life cycle stages, and activities. It
allocates indirect costs using physical or financial parameters, notably in FW studies. To
examine the costs and advantages of FW prevention and management methods, stakeholders
must differentiate expenses along the supply chain [169], [170]. This comprehensive LCC
approach can be used to evaluate food supply chain options for economic sustainability,
reducing food waste and enhancing efficiency.

In this research, the LCC methodology plays a crucial role in evaluating the economic
sustainability of food supply chains, complementing the environmental insights gained from
LCA. LCC, particularly in the context of food products and FW management, presents a
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complex, multi-dimensional aspect and lacks a standardized methodological framework,
especially when integrated with LCA [169], [176].

The preferred approach to undertake the life cycle cost assessment in this research is the
environmental one, as this assesses for almost all costs associated with the life cycle of a product
that is directly covered by one or more of the actors in the product life cycle (manufacturer,
supplier, transport companies, retailer), with the inclusion of externalities that are anticipated
to be internalized in the decision-relevant future. This is according to the sound and broadly
accepted definition in [170].

Some important aspects to consider when implementing the E-LCC in this study are:

e Cut-off criteria: environmental cut-off is to be used to avoid the evaluation of cash
flows related to processes (labor, capital, etc.), as each one of those processes might
be pretty different for each type of supply chain (dairy, meat, beverages, etc.). Only
cash flows linked to material flows (energy, fuels, materials) are accounted for using
the environmental cut-off criteria.

e The cost modeling methodology should focus on activity type or stages, evaluating
the material flows considered. This will result in a cold chain cost for each product
assessed within the E-LCC approach.

e Externalities such as the cost of investments and the monetary valuation of
environmental impacts, using a standard economic conversion factor, can be
included, especially according to the literature, under E-LCC approaches.

e According to [177], a steady-state model must be employed in an E-LCC, as most
LCA applications lack temporal specification, and it is assumed all technologies
remain constant over time, being input-output analysis models.

e For future scenario evaluations, considering the investments required to implement
energy efficiency measures, a socio-economic key indicator, such as cost/benefit
ratio or net profit, can be used to present the results.

e The main advantage of E-LCC versus the conventional one is that it is consistent for
sustainability assessments of products, as some external costs are internalized within
the boundaries. Furthermore, E-LCC assessment is a tool for internal decision-
making and external communication, similar to LCA.

o The assessed cost categories are development (monetary valuation of investments),
materials, energy, transport, and emissions.

Keeping in mind the system boundaries previously defined in the LCA, the goal of the E-
LCC undertaken in the study cases under this research project, which applies to tool
development, is to identify the economic impact of energy and material flows within the life
cycle of food supply chains.

The LCC scope in this research aims to inform decision-making when comparing scenarios
in which energy efficiency measures are either implemented or not. As shown in Figure 3.4,
the system boundaries will only account for the food chain after the final product, whatever it
may be, is stored in the manufacturer's warehouse.
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To expand the system boundaries and facilitate a single-actor evaluation, this research also
focused on implementing C-LCC, a concept that is later reflected in the developed tool.
However, given the nature of C-LCC, the system boundaries under evaluation are different and
mainly focused on the food processing stage, as seen in Fig. 3.4.

The intended benefit for the tool’s users is to ease the process of LCC evaluation and
identify the potential benefits of flow changes depending on the impacts on energy efficiency
measures. As the environmental cut-off criterion is implemented, complexity related to the
calculation of CAPEX and OPEX is removed, as the exclusive assessment of material and
energy flows is conducted for a specified functional unit. The impact of energy efficiency
measures or operational changes under different scenarios is reflected in those flows (energy,
fuels, refrigerants, electricity, etc.).
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Fig. 3.4. Evaluated C-LCC system boundaries.
3.1.4. Social LCA and its challenges

The social component, which prioritizes the satisfaction of basic needs and fair access to
sustainable development benefits, is a crucial pillar of sustainability. Socio-economic
sustainability issues like social and economic inequality, human rights, economic exploitation,
malnutrition, limited access to clean water, prevalent diseases, illiteracy, refugee crises, and
gender inequality have been discussed for 40 years. The UN's SDGs and ISO 26000 guidance
on social responsibility address these issues [20].

Technological advances and population growth exacerbate environmental and social issues,
such as climate change and inequality, which threaten economic growth, a process that
traditionally requires more materials and energy. This calls for a new development paradigm
that prioritizes reduction, reuse, and sharing to create a bio-economy where human well-being
is decoupled from environmental degradation and societal progress is balanced with ecosystem
preservation and social equity. Researchers, industries, consumers, and politicians must
collaborate to support this paradigm [178].
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Social impact assessment is crucial for addressing some of sustainability's qualitative
aspects and encompasses diverse stakeholder perspectives. Due to the multiplicity of
stakeholders, selecting social performance metrics is challenging [178]. Social life cycle
assessment (S-LCA), an extension of LCA and part of LCT, evaluates a product or service's
social impacts [179] [180], [181], [182].

S-LCA evaluates the social performance of organizations in terms of product quality and
stakeholder relationships. The UNEP, SETAC, and Life Cycle Initiative's S-LCA guidelines
categorize stakeholders into six groups and define subcategories of impact based on social
issues or traits. Indicators evaluate these subcategories using inventory data [183].

Methodological advancements and real-world experiences address standardization and
enterprise-specific implementation in S-LCA development. The current S-LCA criteria include
goal and scope, S-LCI, S-LCIA, and interpretation [183], [184]. It defines scenarios and
functional units, identifies stakeholder social subjects, consolidates impact subcategories, and
identifies essential decision-making issues [185].

Communicating social implications promotes socially responsible consumption and
production. The purpose of social assessments varies among practitioners, targeting different
stakeholders, including businesses, consumers, and NGOs [186]. In a corporate context, S-LCA
aims to enhance socially responsible practices and competitive advantage. Strategies for
sustainable development in consumption and production include innovation, choice
manipulation, and choice editing [187]. Social initiatives by companies also offer community
benefits like market creation, innovation, and talent retention.

For end-users, social impact assessments enable informed product choices contributing to
community welfare. NGOs typically raise consumer awareness about adverse social impacts,
such as child labor and hazardous working conditions [42], [180]. Collaboration among
businesses, civil society, and governments has fostered international frameworks for corporate
responsibility and sustainability [188].

Given the lack of a standard for undertaking impact pathways methodology and the few
ones developed until now in S-LCA, the reference scale is the preferred method when engaging
in S-LCA from a research perspective. However, the reference scale path is a semi-quantitative
method that does not follow the same input-output approach found when transforming LCI into
impact categories through a standardized LCIA method, as in LCA or LCC [183].

Implementing the reference scale path proposed in the S-LCA guidelines from the UNEP
requires the use of several qualitative research tools, such as interviews, regional context-based
analysis, and a multidisciplinary approach that might provide valuable nuances on the
sustainability profile of a product or organization, making it challenging to incorporate into the
proposed LCST in this research.

Thus, a different approach, closer to the S-LCA methodology (explained in section 5.3),
was integrated into this project and reflected in the developed LCST. Under this approach, the
LCA practitioner using the tool can also select whether to include the willingness to pay for
externalities, such as global warming potential. Eventually, upon agreement between all
partners, human health effects or ecosystem damage can also be included. This choice should
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affect the life cycle cost and the environmental assessment, avoiding double-counting for
determined impacts.

This approach falls under the widely accepted concept of social cost, which typically refers
to the broader impacts of actions or policies on society, which can include a range of factors
such as health impacts, quality of life, and economic well-being. One specific and well-
discussed example in scientific literature is the social cost of carbon dioxide. The social cost of
carbon dioxide measures the monetized value of the damages to society caused by an
incremental metric ton of CO; emissions [189]. This is a critical metric in climate policy and is
used in cost-benefit analysis. It has been concluded that improved models and methods have
led to a significant increase in the estimated social cost of carbon dioxide, affecting the
perceived benefits of greenhouse gas mitigation and climate policies [189].

3.1.5. Life cycle sustainability assessment

An LCT approach was implemented in this study, in parallel with the development of the
ICCEE project, which aimed to facilitate the food and beverage sector cold chains to undertake
energy efficiency measures after carrying out supply chain energy assessments.

While the ICCEE project and tool focus on the cold chains in the food sector [190]Due to
its significant stages (refrigerated transport, processing, and storage) with considerable energy-
saving potential, the research developed for this doctoral Thesis is suitable for any food supply
chain, regardless of whether food products are subject to refrigeration during some stages in the
supply chain or not. The research follows a holistic approach, shifting from a single company
perspective to a chain assessment, which is believed to lead to increased opportunities for
energy efficiency measures.

This research integrates the characteristics of food supply chains of the food and beverage
sector in an analytical decision support tool with tailor-made analyses related to the energy
performance for the different process stages (e.g., raw material preparation, logistics and
warehousing operations, production and processing of products, packaging). To enable the
update of energy efficiency measures and to support the decision-making processes of the
supply chain companies in estimating their energy-saving potential, this research project
designed and delivered a dedicated cold supply chain energy efficiency tool.

The different LCT tools utilized for the proposed methodology (environmental LCA, LCC,
and S-LCA) were implemented simultaneously for each case scenario under study, following a
standardized approach for each case study. A more complete description of each case study is
provided in the subsection 4.1. Some of the LCT benefits believed to be delivered after
implementing it and interpreting results are:

e helps to make choices considering environmental, economic & social impacts on a
product’s life.

o allocates responsibilities to those involved when deciding on a product's design,
production, and consumption policies and procedures.

e enables product designers/ service providers, government agents, and consumers to
make long-term choices considering all environmental media (air, water, land).
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e companies can use results to direct products/ processes towards sustainability
through ‘cleaner’ products/process options (eco-design).

e cnhances company environmental/ occupational H&S, risk and quality
management.

e secures governmental initiatives for strengthening the industrial and service sectors
to responsibly protect the environment and society.

e guides consumers by offering better information regarding purchasing, transport
systems, and energy sources, increasing public involvement with industries and
governments towards sustainable development.

LCT helps comprehend the trade-offs and synergies between environmental impacts and
product lifecycle stages. Industries can optimize their processes for both immediate
environmental benefits and long-term sustainability by adopting this strategy. A comprehensive
picture is needed to establish sustainable strategies and prevent solutions that fix one problem
but create another. LCT provides a solid framework for incorporating environmental factors
into decision-making at all levels as industries realize the necessity of sustainable development
for long-term sustainability and social responsibility.

LCA is essential in ecodesign and manufacturing to assess environmental impacts. Recent
advances in LCA integration with manufacturing systems address the ecological impacts of
production equipment, technical services, and energy supply. To facilitate product development
decisions, the life cycle sustainability assessment (LCSA) framework helps identify
sustainability hotspots in manufacturing goods and processes [191], [192], [193].

The LCA evolution shows the method's versatility in addressing industrial process
environmental impacts [194]. In the pharmaceutical industry for example, LCA has become the
preferred application in assessing the global warming potential and other environmental
impacts of chemical processes, thereby guiding more sustainable practices in pharmaceutical
production [195].

LCA is also essential for sustainable building design and demolition in the construction
industry. It evaluates the environmental impacts of construction and demolition materials to
promote sustainable waste management and environmental protection. The sustainability
impacts of civil infrastructures are evaluated using LCA methods to reduce the sector's
excessive resource consumption and greenhouse gas emissions [196], [197], [198], [199],
[200].

Considering the findings summarized in the subsection 2.5 “Research gaps” and tested in
[96], a sustainability assessment method based on life cycle thinking tools is proposed in this
study, in accordance with the hypothesis and main objectives of this thesis, and following the
aforementioned research methodology.

The focus in the quest for sustainability extends beyond merely reducing carbon emissions
and encompasses a multifaceted approach, considering ecological, social, and economic pillars
while being vigilant against unintended consequences.

Importantly, those in poorer nations often bear the brunt of these unintended consequences,
with limited means to effect change or voice their concerns. Thus, a comprehensive approach
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that weighs societal, environmental, and economic impacts under a fair approach is crucial for
a sustainable future [201], [202].

Positive knock-on effects also emerge from holistic solutions. Addressing issues like
overconsumption curbs greenhouse gas emissions and pollution, and eases resource strain
[203], [204]. Supporting local businesses reduces transport emissions and strengthens
communities, while enhancing education empowers individuals to make informed choices that
positively affect their surroundings, including reducing their carbon footprint [61], [205].

Furthermore, ecosystem regeneration through practices like rewilding, reintroducing native
species, and predator control boosts biodiversity, benefits adjacent ecosystems, and acts as an
efficient carbon sink [206], [207]. Addressing single issues such as carbon emissions is a
commendable starting point. However, adopting a holistic perspective and contemplating the
broader implications of actions is essential for reaching a sustainable state between humans and
the ecosphere [208].

Although there is no unified and accepted framework for LCSA, as the approach and KPIs
-or impact categories- vary depending on the study assessed, a general overview of the main
impact indicators is presented in Fig. 3.5. The mind map is developed based on the typical
environmental impact mid-point categories found in most LCIA methods, the LCC indicators
[170], and the social LCA impact indicators presented in the UN guidelines for S-LCA [183],
[209].

LCSA helps decision-makers transition to more sustainable systems in the energy sector by
highlighting challenges, methodological approaches, and sustainability indicators [210].

Food LCA studies span upstream (agricultural, livestock, fisheries, aquaculture, and
packaging production) and downstream (distribution, consumption, and waste management)
processes [17]. In recent years, the food industry has used LCT to assess and reduce
environmental and social impacts. The rise of nutritional life cycle assessment (n-LCA) shows
a trend to incorporate nutritional factors into classic LCA frameworks, making food industry
environmental impact evaluations more thorough [211].

Food supply chains significantly contribute to environmental impacts, and food and drink
goods account for a substantial share of the ecological impacts of private consumption.
Harmonized measurement systems are needed to apply circular economy principles to the agri-
food sector. A life cycle approach to environmental evaluation covers the entire chain, enabling
more effective mitigation options [212]. Due to the complexity of the agri-food chain and the
requirement for integrated assessment tools, a lifecycle-based dashboard has been proposed to
organize and test cross-sectoral applications [213].

The development of environmental assessment in the agri-food sector dates back to the
1970s, with an initial focus on primary energy demand. Over the years, LCA studies in food
production and consumption have proliferated, with a substantial increase in publications and
research focus, highlighting the evolving nature of LCA applications in this sector [214].
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Fig. 3.5. Life cycle sustainability assessment KPIs.

The adoption of life cycle thinking in these industries reflects a growing awareness of the
need for comprehensive environmental impact assessments. LCT approaches enable industries
to develop, innovate, and make informed decisions that align with global sustainability goals.
LCT must evolve and be applied across sectors to achieve global environmental sustainability.
An in-depth examination of the methodologies employed, as outlined in the content analysis
conducted during the literature review section, suggests the need for a more comprehensive
LCSA framework to accurately reflect the methodology's iterative nature. Therefore, the
proposed framework enables the development of various research objectives across the
different topicalities and activities of this work. The framework is presented in Fig. 3.6.
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4. RESULTS AND DISCUSSION

The methodological approach was tested in several micro case studies, mainly in a European
context, thanks to the development of the ICCEE project [215]. To achieve these objectives, 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 beverages supply chain. Food production processes rely on
multiple inputs of raw materials that are processed in several steps throughout the 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 in defining 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. A brief description of the goal and scope, functional unit,
system boundaries, and central aspects of the life cycle inventory for these case studies is
presented in the following sub-sections.

4.1.1. Beef supply chain

This study aims to evaluate the environmental impacts of a regional and local beef cold
chain in a European context. The beef cold chain is complex and involves several factors and
an undefined number of stages, including slaughtering, processing, storage, and transportation
activities across different geographical areas.

In this case study, the performance of four scenarios (including the baseline) is compared
and analyzed, namely (the scenarios are described in detail in Article # 1):

e Dbaseline scenario;

e energy recovery scenario through the transformation of biowaste into biogas
with subsequent cogeneration of heat and power (CHP) (EEM-1);

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

o efficient compressor replacement (EEM-3).

The supply chains under study were modeled without considering the end consumer step as
that stage can be very flexible and unpredictable, in fact, depending on the type of consumers,
their needs, living conditions, energy consumption, geographical area, social conditions,
political, economic, and environmental constraints, and finally, the type of end consumer (e.g.,
household, restaurant, hotel, canteen, etc.).

The processing stage for the regional beef cold chain involves a larger, more articulated,
and highly diversified production process that accommodates a greater variety of products than
the local one’s processing stage. In both scenarios, the processing phase also includes the post-
processing storage of the beef. Transportation was considered from the farm to the
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slaughterhouse, from the slaughterhouse to processing, from processing to a central distributor,
and from the major distributor to wholesale and retail (see Fig. 4.1).

Additionally, two types of supply chains were modeled: local and regional. The main
differences considered between regional and local supply chains are product demands during
the processing and storage phases, transport distances, especially from the processing and
storage phases to the distribution center, and the geographical context in which the two (i.e.,
local and regional) supply chains operate.
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Fig. 4.1. Beef supply chain.

In this study, the functional unit (FU) is represented by 1 kg of beef delivered to the
wholesaler or retailer, so all reported values (such as energy consumption, packaging, waste,
water, and transport) across the life cycle have been normalized to 1 kg of product.

This study obtained data from two different processing companies in Italy that are
conducting activities such as cutting, freezing, and packaging beef. For insights into the entire
inventory description!. The LCI is described in Tables 4.1 to 4.3.

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

! Article 1: Effects of Energy Efficiency Measures in the Beef
55



Table 4.2. LCI for storage at the dist. 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

A distinction between regional and local supply chains is made as follows: the regional cold
chain begins with the breeding in Villareal (Spain), moving to the slaughter in Tarragona
(Spain) with a transport distance of 200 km, and then arrives in Lleida (Spain), for the meat
processing and storage phase (100 km of distance); from Lleida, the beef is transported to Italy
to reach the distribution center located in Florence with a distance of 1240 km, and finally,
within Florence, the meat is transported to the city's supermarkets with a further transport of 20
km.

The local beef cold chain begins with breeding in Tolmezzo (Italy) and moves to slaughter
in Castelfranco Veneto (Italy) with a transport of 200 km. Then, the raw beef is transported to
Verona (Italy) for processing (100 km). From Verona, the beef products are transported to the
Rome distribution center (Italy) for 500 km. Finally, in Rome, food products are distributed in
the city supermarkets and transported over 20 km.

Table 4.3. LCI for storage at the retailer for 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 (see Fig. 4.2).
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Fig. 4.2. Weighted results in a regional supply chain.

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. 4.3).

During the study, it was identified that the EEM-1 is the one that brings environmental
benefits in every single area of concern. At the same time, the other EEM scenarios barely show
any difference when compared with the baseline. The EEM-1 scenario might also potentially
deliver environmental credits to the ecosystem quality area due to avoiding electricity
consumption from the country mix, mainly linked to fossil fuels and land use for hydropower
production [216].

Since the local supply chain has a lower impact due to lower transportation distances, the
savings created by the EEM-1 scenario significantly impact its overall result, showing even a
negative value (environmental benefit) for the entire food supply chain. As for the regional
supply chain, the local scene is unaffected by implementing the EEMs 2 and 3.
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Fig. 4.3. Weighted results across different EEMs in the local supply chain.

This case study also performed an LCC, comparing the different EEM alternatives. After a
sensitivity analysis, it was found that the changes in market prices for beef could either
positively or negatively affect the internal rate of return or the profit index of the evaluated
projects if the plants' production capacity remains constant in time. Net Present Value (NPV)
analysis shows that the EEM-1 is the most attractive one from an economic perspective.
Additional insights into results can be seen in Article #1.

4.1.2. Fish supply chain

This case scenario was developed for the Baltic region context, considering that Latvia
receives financial support from the EU funds and other financial instruments to implement the
Common Fisheries Policy (CFP) [217], [218] mainly targeting priorities set by the EU, but
adapted to each member state sector [219]. By 2019, the fish production in Latvia accounted
for 110200 tons of live weight, while the aquaculture sub-sector was responsible for 626.4 tons
of fish and crustaceans [220].

Despite the fish sector's significant relevance in the Latvian economy, the environmental
impact related to its supply chain has yet to be thoroughly evaluated, and the field remains
largely unexplored. Therefore, the proposed case study aimed to provide a method for
performing environmental and economic evaluations of FSC. The proposed approach is based
on implementing a life cycle thinking approach, evaluating a baseline scenario for chilled
Latvian cod, and exploring the implementation of two specific energy measures along the entire
cold supply chain.

The proposed business-as-usual/baseline scenario for the fish FSC within the Latvian
context assumed Codfish as a resource further exported to other countries in the European
Economic Area. A representation of the system boundaries for this case scenario can be seen
in Fig. 4.4. A literature review supported the definition of the hypothetical baseline scenario,
primarily based on LCA studies of fish products within the European context [221], [222],
[223].
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For the FSC under evaluation, the port of arrival for fishing vessels has been assumed to be
Ventspils, as it is one of Latvia's most prominent and well-known ports for its traditional fishing
activities. Furthermore, it was assumed that all the processing required to develop a final filleted
codfish is undertaken in Ventspils by a local processor, and no waste occurs downstream in the
supply chain.

The environmental condition for transporting the fish is -2 °C when assuming a superchilled
cooling technology and +2 °C for chilled conditions. Diesel consumption for the auxiliary unit
is calculated at 3.68 kg/h. The refrigerant is R-134a, with an annual precharge of 6.5 kg and a
leakage rate of 10 % per year. SimaPro software® is used to simulate the model, creating the
foreground system and taking the background processes from the Ecoinvent database 3.6
(Wernet et al., 2016). A summary of the LCI collected for this case study is presented in Table
4.4. Additional insights in the case study are provided in Article #3.

The life cycle cost section was developed using a C-LCC assessment to evaluate two
different EMMSs in comparison to the baseline scenario. The proposed energy efficiency
measures are based on principles of circular economy and industrial symbiosis: anaerobic
digestion (AD) in tandem with a heat and power cogeneration plant for the first scenario (EEM-
1), and the second scenario, a photovoltaic plant installed at the retailer facility with the
capability to supply 20 % of the electricity consumption is modeled (EEM-2).

Table 4.4. LCI for the processing stage in the fish supply chain

Processa Processinga

Materialo Valueo Unito
Inflows:o

Whole-Fish-(cod)a 1.74z kg

Packaging-material (EPS)C 0.0264x kgo

Electricity-for CBCC 120 kI

Electricity-for-storagel 120 kI
Outputs:

Fish-wastel 0.74c kg

Fish-fillet-product™ 1.0264o kgt

Main results. The IMPACT 2002+ method was used to perform the environmental profile
of the proposed model [163]. This method has the advantage of delivering results both at mid-
point impact categories - as recommended by the ISO Standards 14044 - and at end-point
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categories (damage categories), which are an indicator of quality changes in the environment
[163].

LCA results at the midpoint categories are presented in Table 4.5 disaggregated by unit
processes in the considered supply chain.

Table 4.5. Mid-point category results for the baseline scenario.

. . Transport to Distribution Transport to .
Impact category Unit Processing . . Retailer
distr. center center retailer
Carcinogens kg C,HsCl eq 4.8E-03 8.6E-04 1.4E-06 1.8E-04 1.8E-03
Non-
o kg C:H;Cl eq 32E-03 3.1E-03 1.7E-06 6.4E-04 23E-03
carcimogens
Respiratory kg PM2.5 eq 1.5B-04 1.4E-04 1.3E-07 2.9E-05 1.8E-04
morganics
oot
onzing BqC-ldeq 091 117 0.00 0.24 2.66
radiation
I
Ozone layer kg CFC-11 ¢q 9.9E-09 2.7E-08 24E-11 5.6E-09 3.3E-08
depletion
Respirat
espiratory kg CoH, eq 1.1E-04 7.3E-05 42E-08 1.5E-05 5.7E-05
organics
Aquati
quatie kg TEG water 14.33 15.75 0.02 323 2341
ecotoxicity
Terrestrial
errestna kg TEG soil 3.86 11.54 0.00 236 5.51
ecotoxicity
Terrestrial
errestria kg SO eq 2.3E-03 3.1E-03 2.9E-06 6.4E-04 4.0E-03
acid/nutri
Land occupation m?’org.arable 1.6E-02 1.7E-02 3.5E-05 3.4E-03 4.8E-02
At
Aduatic kg SO, eq 6.8E-04 5.8E-04 8.4E-07 1.2E-04 1.1E-03
acidification
Aquatic kg PO, P-lim 2.1E-05 1.4E-05 1.2E-08 2.8E-06 1.7E-05
eutrophication
Global warming kg COs eq 0.17 0.15 0.00 0.03 0.21
Non-renewabl
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 33E-04 1.4E-03

extraction

Fig. 4.5 presents the results at the endpoint category level while Fig. 4.6 presents the
environmental burden distribution network. The identified hotspots are the storage at the
supermarket/retailer, the processing stage, and transport under super-chilled conditions,
especially in terms of resource use, human health, and climate change. The sub-activities or
flows with the leading environmental burden within these processes are the electricity
consumption at the retailer, the 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. 4.5). 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].
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Fig. 4.6. Network visualization results.

From an overall environmental perspective, waste valorization from the processing stage
could represent an opportunity to decrease the total burden of the cold supply chain.
Implementing renewable energy technologies will undoubtedly provide benefits and
intervention in electricity consumption at the supermarket stage. These aspects focus on the

alternative scenarios defined as EEM-1 and EEM-2, respectively:

energy recovery from biowaste (EEM-1)
electricity production from a PV system (EEM-2)

In Fig. 4.7, the single-score results for all three evaluated scenarios are presented and
compared. The baseline scenario is the one with the highest impact, followed by the scenario
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where the EEM-2 is implemented, and finally, the commissioning of the EEM-1 is the one with
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 puPt (6.8 %), the
EEM-1 could potentially reduce the impacts by 69.2 uPt (34.3 %) in this FSC.

200 -

uPt

Total Baseline Total EEM-1  Total EEM-2

@Climate change @Ecosystem quality @Human health @Resources

Fig. 4.7. Single score comparison results for the three supply chain scenarios.

A sensitivity analysis was conducted to assess the impact of independent input parameters
on the main output parameter, expressed as a 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 have on the overall baseline scenario, with transport to the distribution center being
responsible for more than 25% of the total impact. In comparison, the energy consumption at
the processor stage has not been displayed under the cut-off criteria of 5 %. Hence, this
sensitivity analysis also works as a consistency check.

The scenarios considered for the sensitivity analysis are the decrease and increase of 5, 15,
30, and 50 percent in each selected variable. The highest and lowest single score is obtained
when the transport distance increases and decreases by 50 %. The relative change in the output
is calculated as follows:

= $50=5) (Equation 1)

So

where:

C = Relative change.

so = model score at the baseline scenario.
s1=model score under the new scenario.

These changes are presented in Fig. 4.8. The relative change in single score results is
shallow when the energy consumption at the processor is considered; despite changes of up to
50%, less than 1% of the change in the total output occurs. On the contrary, the modeled FSC
is sensitive to fluctuations in the transport distance, with changes of up to 15 % in the total
output when this influencing factor increases or decreases by 50 %.
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Fig. 4.8. Relative output changes depending on influencing factors.

A C-LCC evaluation compared the baseline scenario with the two proposed EEMs utilizing
three economic indicators. Due to the lack of costs, primary data, also known as cost categories
3 or 4, and budget costs (secondary data) were used as input to perform the review. (for more
details on the assumed budget costs, see Article # 3). A comparison of results for all three
economic indicators is presented in Table 4.6. Although both options show economic feasibility
potential, especially looking at the NPV indicator, the EEM-1 would be the most attractive
option for an investor. The internal rate of return (IRR) and profit index (PI) also support the
previous statement.

Table 4.6. Economic indicators comparison in 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 from this case scenario show how end-point categories score using LCA and the
evaluation of economic indicators using a C-LCC assessment can be helpful for supply chain
managers and single actors in the food supply chain. However, more studies evaluating relevant
FSC and state-of-the-art cooling technologies are necessary to better understand the potential
for energy efficiency measures.

4.1.3. Eggs supply chain

Given that Latvia is a significant producer of eggs and egg products in Northern Europe and
that no studies have been conducted to investigate the potential environmental impacts that such
a substantial industry can create at the local level, a case study on eggs produced in Latvia and
subsequently transported to European nations was performed [225]%.

The case scenario was developed under specific product category rules (PCR), a
methodological framework for developing EPDs. This document provides a standard approach

2 This research and Master thesis were co-supervised by the author of this doctoral thesis as part of his
doctoral research.
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for assessing the environmental performance of hens' eggs or other birds in shells and fresh
[226].

This study aimed to evaluate the activities involved in the supply chain of egg products,
including the transportation of chickens to the company, production, packaging, and the value
chain, all the way down to the distribution centers. However, the transportation from the
supermarket to the household, household use, and waste disposal are beyond the scope of the
work.

According to the specific followed PCR, the declared unit shall be defined as 1 kg of
product, as presented to the consumer [226]. The weight of the packaging is not included in the
definition of DU. The selected DU in this case study is 1 kg of eggs of type No. 3 + 1 kg of
eggs of type No. 2 + 1 kg of type No. 1 (where 1 kg of eggs corresponds to ~17 eggs, including
packaging material) at the retailer's point. All the upstream unit processes in the modeled supply
chain were subject to mass and energy balances, considering the potential waste generation at
each FSC stage.

The product's life cycle, as in the PCR, is divided into three stages for different data quality
requirements and the display of results: upstream processes (from the cradle to the gate), core
processes (from the gate to the cradle), and downstream procedures (from the gate to the grave).
Nevertheless, to maintain a similar approach to the other case studies, the system boundary line
has been drawn at the distribution center, avowing transport of eggs to households and the use
phase. The environmental performance associated with the three life-cycle stages mentioned
above must be reported separately and aggregated in the EPD. According to the PCR, a cut-off
rule of 1 % shall be applied.

The assessment adopts a cradle-to-gate approach with options (according to the PCR
denomination), encompassing all stages of the egg supply chain until they are ready for
transportation and transportation to distribution centers (see Fig. 4.9). Geographically, the scope
of the study is limited to the European Economic Area, as this is where the main egg products
are exported. The temporal boundaries of the study do not account for any future technologies.

By dividing the system boundaries into upstream, core, and downstream activities, it is
possible to identify and prioritize the life cycle stages with the most significant environmental
impact and focus efforts on reducing these impacts.

Regarding the LCI, the company under study provided all inventory data under its
operational and financial control (primary activity data) for the three types of eggs it produces.
No.3 cage-laid hen eggs, No.2 barn-laid hen eggs where hens can roam inside barns, and No.1
free-range eggs with hens having access to barns and open-air outside, with a minimum
requirement of 4 m? of outside land per hen.
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Fig. 4.9. Eggs supply chain system boundaries.

The inventory data includes 1-day-old chicken purchases and deliveries from Germany, and
operational information about the company’s five locations - Bene, Jelgava, lecava, Madona,
and Daugavpils - such as yearly consumption of processed grains for food, 1-day-old chicken
incubation process, water and feed for hens, energy used during sorting and packaging of eggs,
as well as wastewater and manure management.

A cut-off criterion was applied for lost chickens during transportation from Germany, eggs
lost in the hen house, and the losses associated with packaging, which were all less than 1% in
mass for each of their relevant processes. A summary of the LCI collected for this case study is
provided in Table 4.7 to Table 4.9.

Table 4.7. 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 0.31 0.35 0.40

Barley kg 0.29 0.32 037

Corn kg 0.24 0.27 0.31

Calcium kg 0.24 0.27 0.31

Soy ke 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) ko*km 99.0 99.0 99.0
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Table 4.8. Core process LCL

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

Table 4.9. 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 is presented in endpoint
categories based on the Recipe 2016 impact assessment method. The results of the end-point
impact categories reveal that the highest impact comes from upstream activities, as shown in
Fig. 4.10. Overall, the findings indicate substantial disparities in the influence of the three egg
varieties on human well-being, ecological balance, and resource accessibility. Egg No.l
exhibits the least detrimental effects on human health and the ecosystem, whereas egg No.3
demonstrates the most significant impact. Eggs No.1 exert the most important influence on the
availability of resources, while eggs No.3 has the most negligible impact. Eggs No.2 has a
moderate effect on all three categories.
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4.10. LCA results at endpoint categories for the three types of eggs.

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 CO2eq/kg eggs, respectively (see Fig. 4.11). This is explained by an inventory
analysis, which reveals that hens laying eggs No. 1 require a greater amount of food, which can
be attributed to the wastage of feed in the free-range system and the hens’ higher calorific needs.
The most significant influence on all types of eggs is derived from earlier actions in the
production process, although the impacts may vary for other activities.

Global Warming Potential

Egg No. Egg No. Egg No. Egg No. Egg No.Egg No.
1E1 1E2 2E1 2E2 3E1 3E2
BUpstream BCore mDownstream

Fig. 4.11. Comparisons of results in the climate change area of concern.
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4.1.4. Sustainability evaluation of food waste valorization

This case study focuses on other features related to the sustainability of food products and
the food industry, especially those processes at the end-of-life stage. The case study focuses on
specific waste treatment scenarios for food waste that could enhance the sustainability profile
of food products throughout their life cycle. This case study aimed to evaluate the
environmental impacts of potentially commissioning an energy recovery plant for the
Mondonedo landfill facilities in Colombia. The selection of this particular landfill is an
opportunity to utilize primary data from an existing and ongoing expansion project.

The current operation, which includes methane collection, a burning system, and a future
power generation system in the Mondonedo landfill, could reduce GHG emissions from its
overall operation. However, the environmental and social performance has not been fully
evaluated, nor has the potential for a complete energy recovery system through biochemical
and thermochemical processes been explored. For this reason, this work is undertaken to
develop a model for implementing an AD plant for biogas production, methane upgrading, and
energy recovery in this landfill. The results encompass the three sustainability dimensions, as
evaluated using LCA, LCC, and S-LCA indicators.

The scope of this evaluation begins by defining the functional unit (FU), which is 36500
t/year of food waste processed, understood as 100 t/day for landfill sites' managerial purposes.
The scope of this study does not include the activities related to sorting and recovering organic
material. It corresponds to a gate-to-gate approach comprehending AD, biogas production,
purification, and upgrading to biomethane, and thermal and electrical generation by
cogeneration of heat and power (CHP). The system boundaries of the study can be seen in Fig.

% Emissions )

4.12. An attributional system model is used for this study.

Food waste
collection and

Biogas Upgrade

CHP

Anaerobic digestion

Foreground system

)
Y

Fig. 4.12. System boundaries for FW valorization case.

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

68



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 products
and elementary flows (see Fig. 4.13).

T Bio Methane

5105
Food waste Pa/Imx01 Exhaust Gas
e Wibing P4/\H103
Storage  S-108 ’7
P IVAD 5103 Raw Bogas Po/C101

Absorpten Coum. 13

Blending /Storage  S-101

R10/C102

5104
B8 /LX102 Desorption Colurm

sz
Hiking

P12/DG101 Recovered Water

PS/ADA02

Anaerobe Digestion Flash Column

P2/0c-101 102
Centrugaton

5108

PT/SR-101
Shredding

P MXA03.
Micng

P /AD-101
Anaerobiz Digestion

Suge Hiake-up Water

Fig. 4.13. Flow diagram for proposed technologies.

Some of the primary considerations for calculating parameters for the LCA and LCC
models were calculations related to biomethane upgrading and water flows in distillation
columns. The biogas obtained from AD is then upgraded to biomethane by the use of water
scrubbing technology, one of the most used techniques when it comes to large systems (>100
m3/h) [228], [229], [230]. The principle relies on the biogas' CO> and H>S higher solubility in
water than methane's, something described by Henry's law (see Equation 2), which explains the
relation between the concentration of a gas in a liquid in contact with such gas, and the partial
pressure of the gas [231].

Ci=Ky-ps (Equation 2)

where,

C4: molar concentration of an A gas in the liquid;
Kp: Henry's constant;

p4: gas's partial pressure.

Within a high-pressure absorption column (high pressure boosts the dissolubility of gases
in water [232][45], 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. Some carbon dioxide,
along with traces of methane, is released from the water in the flash column and recirculated
into the main biogas stream. 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 on the column design [230], [231].
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Ocon (g)(mol | h)

0,/ h)=
Ceop(aq)(M) (Equation 3)

where,

Ow: water flow needed in the column;

QOcoz: molar flow to be removed from the biogas;

Ccoz: calculated carbon dioxide solubility (represented as the maximum concentration in
the water) using Equation 2.

A full description of the detailed LCI collection can be found in Article #5. Nevertheless, a
summary of all the main inventory is shown in Table 4.10.

Table 4.10. LCI for food waste valorization case study

Material Amount Unit

Anaerobic Digestion

Food waste 36500 t
Anaerobic digestion plant (construction) 0.146 P
X;rrliigit}zﬂ ;Zérirs}t/e collection service by 21 5 48F05 tkm
Water 365 t
DOC in FW 15 %

Electricity (internally supplied from CHP) 1.47E+06 kWh
Heat (internally supplied from CHP) 12337 MJ
(S;:n(f:l (f;(;m anaerobic digestion 30438 ¢
Biogas (output) 609.9 kmol/day
Biogas density [40] 1.187 g/L
Upgrade

Air compressor 0.2 p
Absorption column 0.05 p
Softened water 122.8 t
Electricity (internally supplied from CHP)  1.53E+06 kWh
Methane stream (output) 365.9 kmol/day
Carbon dioxide (biogenic) 3.86E03 t
Wastewater treatment 122.8 t
CHP

Construct@on wqu, heat, and power 0.625 P
cogeneration unit, 160 kW

Lubricating oil 2663.7 kg
Carbon dioxide, biogenic (emissions) 4972150.7 kg
Carbon monoxide, biogenic (emissions) 14206.1 kg
Particulates, < 2.5 um (emissions) 133 kg
Sulfur dioxide (emissions) 48.8 kg
Other emissions (dinitrogen monoxide,

methane, nitrogen oxides, NMVOC, etc.)

Waste mineral oil (waste treatment) 2663.7 kg
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In this study, a C-LCC is conducted following the exact system boundaries of the LCA
model, a gate-to-gate approach. Nevertheless, for this economic evaluation, a full-scale plant
considering the annual average food waste landfilled value in Mondonedo is modeled to include
the effects of the economy of scales, maximizing cost efficiency by increasing production [233].

Regarding the S-LCA, the stakeholders and impact categories selection has followed the
latest guidelines proposed by the Society of Environmental Toxicology and Chemistry
(SETAC) and the UNEP [183]. The main stakeholders are the local community, consumers,
workers, and society. The evaluated indicators were chosen based on the available information
and interviews with landfill workers: local employment, community engagement, safe and
healthy living conditions, fair salary, health and safety, social benefits, public commitment to
sustainability issues, and contribution to economic development [234].

Main results. The environmental impact assessment of the proposed FW valorization
scenario was evaluated using SimaPro 9.2 [235], and the LCI datasets were taken from the
Ecoinvent database v.3.7 [236]. The chosen method for calculating the potential environmental
impacts is IMPACT 2002+ [162], [163], available in the SimaPro libraries. The impact on the
midpoint categories is visually presented in Fig. 4.14.
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Fig. 4.14. Characterization results for the proposed valorization scenarios.

The environmental impact shares by the Mondonedo plant in the four main damage
categories or areas of protection (Climate change, Ecosystem Quality, Human Health, and
Resource use) can be seen in Fig. 4.15. The aggregation of mid-point impact categories into
damage categories is achieved using a specific set of weighting factors given by the chosen
LCA method. As seen, the electricity and heat production at the CHP plant generates credits
that can almost compensate for the burdens created by the other stages in resource use and
climate change areas of protection.
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Fig. 4.15. Damage assessment results for the proposed valorization scenario.

Overall, the single total score for the Mondonedo plant is 506 Pt, with the digester sludge
treatment as the most critical hotspot with 515 Pt, followed by transport of the sorted FW to the
facilities with 247 Pt, and the construction of the AD plant with 79.8 Pt. The environmental
benefits reported with 339 Pt are attributed to electricity and heat production and are envisioned
as avoided products with 219 and 217 Pt, respectively.
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Fig. 4.16. Weighted totalized results for the proposed valorization scenarios.

For the project evaluation, three socio-economic indicators were estimated: NPV, IRR, and
the PI. The evaluation resulted in an NPV of USD 112,248,095, an IRR of 16.25 %, and a PI
of 3.43, proving the project's economic feasibility. A detailed CAPEX and OPEX structure are
provided in Article #5.

It is believed that by doing a controlled separation of waste and by biomethane
cogeneration, the health and safety conditions of workers can improve as a result of labor
formalization and the mandatory use of personal protection equipment and mechanisms for the
execution of activities within the landfill and energy plant, reducing the risks of negative effects
for local communities. It is worth noting that, although the study projects new job creation as
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one of its positive impacts, local communities perceive that these jobs often exclude the local
labor force and instead hire professionals from other regions.

In safe and healthy local communities, the human health aspect presents an issue in
environmental evaluation. Thus, it is essential to evaluate end-of-pipe technologies to reduce
the emissions of substances affecting the areas of respiratory organics and non-carcinogens,
thereby diminishing this concern. The proposed project would contribute to the country's
economic development and serve as a positive sign for governmental bodies and decision-
makers regarding their commitment to sustainability.

4.2. Summary of different scenarios

Each case study employs a unique system boundary within its LCA framework, leading to
nuanced insights about energy efficiency and environmental impacts. This diversity in system
boundaries not only reflects the specific characteristics of each FSC but also allows for a deeper
understanding of how LCA modeling can be adapted to different contexts, uncovering
opportunities for improvement that may otherwise remain hidden.

The first case study on the beef cold chain focused on a specific boundary, zooming in on
processing and waste management, while also paying attention to the changes resulting from
distributing the food product at the local or international level. This approach enabled a detailed
analysis of biowaste transformation through anaerobic digestion, demonstrating that
incorporating biogas recovery into the system could not only reduce greenhouse gas emissions
but also offset energy demand at other stages of the supply chain. While this boundary excluded
consumer-facing stages, such as transportation to the household and refrigeration, the depth of
analysis within the processing phase revealed that energy recovery from waste could help
balance a significant amount of the environmental impact in the FSC. This highlights how
selective boundary choices can focus on key stages with high environmental leverage, even if
the entire lifecycle is not included in the analysis.

The second case study focused on the fishery cold supply chain and adopted a similar system
boundary, which includes all stages, from fish processing through freezing to final
transportation and storage at supermarket cabinets. By considering the energy inputs across
these multiple phases, this study highlighted the significant energy burden associated with the
refrigeration process at the supermarket, which accounted for a substantial proportion of the
overall impact, as measured by a single score. Given the energy demand for maintaining chilled
or super-chilled conditions, the transport distance was found to play a significant role in the
overall environmental burden, which again highlights the advantage of local or short supply
chains. This approach enabled the study to recommend targeted interventions, such as
refrigerant optimization and the valorization of organic waste at the processing stage,
illustrating how focusing on the entire chain, rather than individual stages, can reveal substantial
opportunities for energy savings that would be missed within narrower system boundaries.

The third case study, which dealt with the production of eggs and their distribution,
employed a boundary that covered both production and post-processing storage, but excluded
the consumer and waste phases. This intermediate approach allowed the study to investigate
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inefficiencies in refrigeration and packaging without being hindered by later stages, where data
might be less reliable. Here, LCA modeling showed that, in general, eggs produced by free-
range hens have a higher environmental impact due to their additional calorific consumption
and, consequently, impact on food production.

Finally, the food valorization scenario case study expanded the system boundaries to focus
on the end-of-life phase. Furthermore, this case study also focused on implementing some S-
LCA KPIs for workers and community stakeholders. This perspective highlighted the relevance
of the holistic evaluation of the three sustainability pillars in sustainability assessment. By
including a circular economy system, such as the valorization of organic material in food waste
for energy production, it was demonstrated how although there are impacts from conducting an
economic activity represented by the AD and CHP processes, once the electricity and heat
produced are accounted in a system expansion system, benefits to the environment can be
created by displacing other traditional power and thermal generation methods. Moreover,
projects of this type can be economically feasible and enhance the quality of life for local
communities.

These findings demonstrate the importance of including the full lifecycle in LCA modeling
when evaluating long-term sustainability, as the environmental trade-offs of new technologies
can sometimes reflect benefits that can only be spotted by a holistic approach to the problem.

Through these case studies, it becomes clear that the choice of system boundaries in LCA
modeling is not merely a technical detail but a strategic decision that profoundly shapes the
conclusions of each study. By adjusting these boundaries to focus on different phases of the
cold chain, each study reveals distinct aspects of energy efficiency and environmental impact
that might be overlooked in a more uniform approach (see Fig. 4.17). This comparative
perspective highlights the importance of flexible and context-specific LCA boundaries,
enabling the identification of tailored energy efficiency measures that align with the unique
demands of each supply chain.
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Fig. 4.17. System boundaries summary.
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5. LIFE CYCLE SUSTAINABILITY TOOL

Developing an LCST for use in FSCs is essential to address the complexities and high costs
associated with conventional LCA methods. These types of tools enable a simplified and
expedited approach to evaluating environmental, economic, and social impacts across various
stages of the food supply chain, minimizing the need for costly software or expert consultation.

Standard LCA software, like SimaPro or GaBi, can be complex and resource-intensive,
often requiring significant expertise to model systems and interpret results effectively. This
complexity can deter small and medium-sized enterprises from conducting comprehensive
assessments, especially in sectors with high refrigeration and energy costs, such as the food
industry. By contrast, simplified and standardized tools designed to focus on a specific product
category or sector, such as the FSC, enable companies to identify energy and environmental
"hot spots" across supply chain stages much more easily. Such tools facilitate benchmarking by
leveraging the field of assumptions and background datasets, saving time, and allowing
companies to prioritize energy-saving measures. This reduces data collection and processing
time while providing actionable insights through user-friendly interfaces.

Furthermore, tailor-made tools can democratize LCA processes by offering cost-effective
alternatives to expensive, software-based LCAs. This democratization supports sustainability
goals and provides financial benefits by highlighting energy efficiency measures, which can
reduce operational costs and environmental impact. In particular, a tool tailored to food supply
chains can promote the adoption of circular economy principles, helping companies optimize
energy use, reduce emissions, and valorize waste. Thus, the developed LCST supports a more
sustainable and economically viable transition within food supply chains, particularly for
resource-limited organizations.

The developed LCST simplifies complex environmental assessments for users, offering
insights into global warming potential, energy demand, and water scarcity. The embedded LCC
capabilities calculate key economic indicators, such as NPV and IRR, while integrating social
costs by factoring in GHG emissions.

The tool, fully developed by this Thesis author, enables the input of foreground data
(activity data), utilizing the Ecoinvent database 3.6 as the source for background data and
normalization of inventory flows. It outputs results through charts, tables, and graphs, enabling
users to easily identify hotspots. Users can assess specific products and supply chains (regional
or global) by selecting stages for evaluation, with the tool automatically adjusting boundaries.

The database contains a wide range of data for users to develop models. This data includes
information on transport vehicles, distances, fuels, storage, and waste scenario operations. The
data is processed using inventory data obtained from the Ecoinvent database 3.6. Specifically,
conversion factors are applied to normalize the data to 1 kg of the chosen food product.

The tool provides output data through various methods, each serving distinct needs. The
user interface offers a range of visual representations, including simplified charts, result tables
with raw data per stage, and graphs for identifying hotspots.

The LCST enables the user to select the specific product type for assessment, taking into
account its LCA production. The tool also finds out whether regional or global cold chains
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should be represented. It automatically expands the limits by incorporating the necessary stages
to evaluate the latest chain form.

Conversely, the LCC tool exclusively depends on foreground data provided by the user.
However, the tool also includes a database with fundamental economic values that may be
modified by the user as necessary. The central component of the LCC tool encompasses
different methodologies, including conventional, environmental, and societal LCC, each
providing distinct perspectives for evaluation.
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Fig. 5.1. Input parameter interface (1).

The design of the tool interface prioritizes user-friendliness, employing a color-coded
system to distinguish between different cell types, including scrollable lists, editable fields, and
cells that automatically calculate values. In developing the tool, the primary objective, aside
from adhering to the standards outlined in ISO 14040 and ISO 14044, was to devise a resource
that allows supply chain managers to assess various sustainability facets from an LCT
perspective without necessitating expertise in LCA, LCC, or S-LCA. Consequently, users are
relieved from the need to perform calculations themselves, with their principal responsibility
being to maintain the accuracy and consistency of the data they input.

All stages are consolidated into a single sheet to track and modify previously entered values
easily. For immediate feedback, preliminary results are displayed as bar charts, allowing more
experienced users to quickly assess the logic and scale of the results. The tool is structured to
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conceal calculation sheets and protect the database libraries, preventing unintended alterations
to conversion factors that could impact the output data.

This tool enables the construction of product systems, allowing users to choose various
elements, including the type of supply chain (regional or global), a range of input materials
(such as food products and packaging materials), modes of transport, distances, travel durations,
payloads, energy sources, and other necessary materials or substances for the model.
Additionally, the tool facilitates the development of waste treatment scenarios downstream, an
optional feature that can be utilized for sensitivity analysis (see Fig. 5.1 and Fig. 5.2). The
environmental impacts derived from the LCA are quantified using three distinct methodologies
across three primary impact categories: GWP measured in CO; equivalent via the IPCC100a
method, energy intensity quantified in megajoules using the Cumulative Energy Demand
method, and water scarcity assessed in cubic meters employing the AWARE methodology.

The LCA provides a comprehensive perspective on the environmental efficacy of a specific
food chain scenario, encompassing its various stages and associated input and output processes.
The ecological impact extends beyond individual stakeholders, bearing significance at regional,
national, and societal levels. Consequently, the LCST offers a broad and detailed assessment of
the environmental implications of a particular supply chain.
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5.1. LCA output indicators

The output indicators encompass all activities associated with a supply chain over a one-
year period. To model the intended product, input data should be provided on an annual basis.
However, it is possible to model data for a more straightforward scenario, such as a specific
single-occurrence supply chain, although this may require a more advanced understanding of
the tool.

The tool background data is all based on a cradle-to-gate system; hence, when assessing the
GWP from using 1 kg of light fuel oil, it not only considers the direct emissions from its
combustion as an energy source. Instead, it also includes the emissions associated with its entire
life cycle, encompassing extraction activities, raw materials, infrastructure, and the
transportation of the material.

The three selected LCA-output indicators or impact categories considered in the ICCEE
LCA tool are:

o  GWP expressed in kilograms of CO; equivalent and based on the [IPCC 2013 method
(with a 100-year time horizon), which follows the previous IPCC 2007 methodology
[237]. This approach, devised by the Intergovernmental Panel on Climate Change,
incorporates climate change factors from IPCC assessments over a century. The
fundamental concept is to establish a quantitative method for comparing the effects
of various gases on global warming. Essentially, it evaluates the amount of energy
that one ton of a particular gas will absorb over a certain period compared to the
emissions of one ton of carbon dioxide (CO>).

e Cumulated energy demand (CED) in MJ is the accumulated energy required,
including all background processes. CED is a methodology employed in Life Cycle
Impact Assessment. It measures direct and indirect energy consumption across a
product or process's life cycle, expressed in megajoules (MJ). The CED
methodology considers primary energy, encompassing both renewable and non-
renewable sources, and accounts for energy flows used for energy generation and
material production, quantified in MJ. This method is advantageous for assessing
and contrasting the energy intensity of various processes [238], [239].

e Water scarcity in m® equivalent measures the potential of water deprivation to
humans or ecosystems. It is understood as the available water remaining in a
watershed (AWARE methodology) after accounting for the consumption by humans
and aquatic systems [240]. The primary aim of AWARE is to gauge the degree of
water scarcity risk faced by other users in a specific region. It can calculate the water
scarcity footprint according to the ISO 14046 standard. This method examines the
potential for water deprivation impacting humans or ecosystems based on the
principle that lower water availability per area increases the likelihood of
deprivation for another user. In May 2016, the European Union's Joint Research
Centre endorsed this method. AWARE is intended for use as a water use midpoint
indicator in life cycle impact assessment, as per ISO 14044.
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The calculation procedure for the three environmental impact categories included in the tool
is represented by:

Output indicator = input value(kg) X characterization factor(%:ons)

(Equation 4)

A simple example of this calculation is the CED for using 10 kg of average light fuel oil in
Europe.

10 kg X 52.6 MI/kg = 526 MJ

The input data is collected following the procedure explained in the following section and
must be entered 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 (see Fig. 5.2).

5.2. LCC output indicators

Three main LCC approaches were evaluated within this Thesis: conventional,
environmental, and societal. Due 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:

e Net present value (NPV): the difference between investment and the total present
value of future net income (net cash flow).

R¢
(1+i)¢

NPV = (Equation 5)

where,

NPV = net present value,
R; = net cash flow at time t,
i = discount rate,

t = time of the cash flow

o Internal rate of return (IRR): is 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.

C :
0=NPV = Zz:l(lT;R)‘ -G (Equation 6)

where:

C: = net cash flow during the period t
Cp = total initial investment costs
IRR = the internal rate of return

t = the number of time periods
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e Profit index (PI): is a ratio between the total present value (PV) of future income
and initial investment.

__ PV of future cash flows

Pl =

(Equation 7)

Initial investment

Determining the output indicators for E-LCC assessment presents more challenges. The
reason is that E-LCC primarily concentrates on estimating solely the economic aspect, or as a
broader component of sustainability evaluation. Therefore, the outcomes are displayed in
monetary terms for each phase of the life cycle, without applying any discount rates.

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 of 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 initial factor to consider regarding data gathering and application in the LCST involves
determining the specific data to collect. Based on the established LCA methodology, two
categories of product systems are identified: the foreground and the background systems.

In the context of the LCST, the foreground system primarily focuses on delineating specific
data utilization, rather than the more commonplace application of average or generic
background data, a perspective known as the specificity perspective. This foreground system is
characterized by processes unique to the system in question, specifically those under the direct
control of the producer or another stakeholder within the supply chain.

Conversely, the background system is oriented towards identifying processes that fall
within the direct control or significant influence from the standpoint of the decision context of
a study, a concept referred to as the "management perspective." Due to the averaging effect
across suppliers, the background system encompasses processes that are part of a homogeneous
market. In these instances, average or equivalent generic data is sufficient to represent these
processes. These are processes that, while part of the system, are not under the immediate
control or decisive influence of the product's producer.

Within the framework of the LCST, the foreground data, which is of utmost importance,
should predominantly be obtained from primary data collection activities directly involving the
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actors responsible for the unit process under evaluation. This data constitutes the critical input
in the LCST, which users must input throughout the tool fields. In contrast, background data
collection activities are pre-suggested by the tool and form the backbone of the tool's database
matrix.

The collection of foreground data is typically conducted through energy audits and site
visits to the actor's company, which constitutes a part of the secondary data collection activities.
Practically, the LCST offers flexibility to utilize either primary foreground data or data already
integrated into the tool.

On-site foreground data collection. The most critical data to be potentially implemented
in the LCST based on an energy audit or as part of the LCI step in a classic LCA process, can
be divided into four parts:

1. General information about the company, encompassing the country where its
principal operations are carried out, its specific food industry sector, and the
operational stage of the organization. Additional vital information includes the
annual product demand, conversion ratios from raw materials to finished products,
the extent of space utilization in the warehouse compared to its total area or volume,
and the average highest temperature during the peak of the warmest season.

2. Storage activities: This encompasses collecting yearly data on production rates,
warehouse temperatures, and annual electricity usage for refrigeration, along with
the consumption of any other energy sources utilized for refrigeration. An essential
aspect is the warehouse utilization factor, which is crucial for normalizing energy
use to the FU in the LCA framework. Therefore, information on warehouse
dimensions, average product occupancy, and the typical duration of products
remaining in storage must be gathered. Additionally, data on water usage, including
its source and the annual consumption of refrigerants, specifying the type of
refrigerant used, should be recorded. Lastly, it is necessary to account for any
packaging materials employed in activities related to the unit system.

3. Transportation Operations: It is vital to gather details about the variety of vehicles
utilized in the surveyed operation, including their fuel type, travel distances, and
the duration taken to cover these distances. The refrigeration technology employed
in these vehicles is also a key factor, as is the power source for the refrigeration
unit (such as the truck engine or an auxiliary diesel engine). Furthermore, additional
vital data points are collected within the scope of refrigeration activities, such as
the average load capacity for each truck model, yearly refrigerant usage, and, where
applicable, the annual water consumption.

4. Lastly, data on EEMs should be gathered, considering the LCST was built under
the scope of the ICCEE project. Therefore, the LCST offers both standalone and
comparative LCA analyses, as desired. EEMs can be found in various areas and
may take different forms. Alterations in refrigeration systems often come to
stakeholders' attention, followed by the enhancement or replacement of insulation
materials. However, EEMs might also involve modifications in auxiliary
technologies, such as ventilation or lighting systems, or building infrastructure
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alterations. Additionally, EEMs along the FSC could encompass the deployment of
technology for energy recovery or generation, enhancements in maintenance
processes leading to energy conservation, or employee training programs that yield
savings in either monetary or energy terms due to behavioral changes. Other types
of EEMs include those derived from management activities, such as energy audits,
adjustments in operational parameters, and the implementation of new energy
management systems, as well as those arising from monitoring and control
technologies and procedures.

Background data collection. The author of this Thesis conducted data acquisition for the
background system in the LCST during the research period, adhering to the guidelines set out
in ISO 14044 for Life Cycle Assessment, specifically following the methodology of the LCI
phase. The LCI process involves gathering, organizing, and conducting an initial analysis of
emissions and resource use. This step is crucial for calculating and interpreting potential impact
indicators linked to the interactions of such flows with the natural environment [174]. Broadly,
the background data required for the tool was categorized into groups and subgroups analogous
to those of the foreground data. The information collected for each inventory item is aligned
with its environmental impact, focusing on the three chosen impact categories: GWP, CED, and
water scarcity. The following section provides a more precise depiction of the specific data and
categories encompassed within the integrated database:

1. Transportation. This category in the tool's database includes a variety of vehicles:

a. Road transport. This subcategory primarily consists of trucks utilized for
long-haul transport, ranging from light commercial freight vehicles to
lorries with a capacity of up to 32 tons. Only diesel-engine vehicles
conforming to EURO 5 and EURO 6 standards are featured.

b. Refrigerated road transport. This subset includes the same types of trucks
as the previous category. However, a notable distinction for this group is
that the collected data for impact categories pertains to vehicles where the
main truck engine powers the refrigeration unit. Therefore, selecting a car
from this list in the tool implies that the refrigeration unit does not need an
additional power or fuel source.

c. Global transport. This subgroup encompasses modes of transport typically
used for transoceanic freight, such as trains, aircraft, and ships.

2. Products and materials. This category consolidates manufactured or finished
products, raw materials ready for distribution, and packaging materials. It is
essential to recognize that the environmental impact associated with choosing any
item in this group represents the cumulative effect of the upstream process of that
particular product, considered from a cradle-to-gate perspective. This implies that
the items in this category are not consumable or auxiliary items within a specific
supply chain. However, considering the inputs entering a specific supply chain
(such as fresh fish or meat), selecting a particular unfrozen product allows for the
inclusion of the environmental burden associated with all its specific transformation
activities necessary for processing in the downstream FSC process.
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a. Products

i. Dairy products. Cream, cheese, and processed milk are included in
this sub-category.

ii. Fish products. Fresh fish, super chilled fish, and frozen fish products
are included in this sub-category.

iii. Meat products. Poultry, frozen eggs, and meat, as well as frozen
meat products, are categorized under this subcategory.

b. Packaging materials. Some of the main packaging materials used in the food
industry nowadays are found in this category, ranging from food-grade
glass to various types of polymers and plastics.

c. Water. The database includes various sources of water consumption,
ranging from underground water to deionized water.

3. Energy Sources. An extensive array of energy sources is available within the tool,
ensuring users have maximum flexibility, regardless of the type of stakeholder or
stage in the cold chain they are modeling.

a. Electricity. This sub-category encompasses two types of electrical sources:

i. From country mix (location-based): It includes electricity obtained
from the national grid of most Eurozone countries, measured in
terms of transmitting 1 kWh at a medium voltage level.

ii. From fuels: This list compiles electricity generated from various
types of fuels, including, but not limited to, photovoltaic, natural
gas, and fuel oil.

b. Fossil fuels. This subgroup aggregates three primary fossil fuels: natural
gas, oil, and coal. Users have multiple options based on the country or
region and specific fuel characteristics, such as low- and high-pressure
natural gas. Unlike electricity, the units for these fuels are in mass/volume,
which is an essential consideration during energy audits.

c. Biofuels. Common biofuels listed here include biogas, bioethanol,
biomethane, methanol from biomass, and biodiesel. Similar to fossil fuels,
the measurement units vary (kg or m*) depending on the type of biofuel.

d. Heat. This category includes various heat sources categorized by fuel type
and plant size. Coal and natural gas are the primary sources, with
cogeneration technology also featured. The range of options extends from
small 5 kW to large 10 MW plants, encompassing district or industrial
heating as potential energy sources within the model.

4. Refrigeration materials. In this category, the necessary refrigerants for refrigeration
units in warehouses and transport vehicles are compiled, as well as the fuels needed
for independent refrigeration units (those not powered by the main truck engine).

5. Waste disposal. This database section provides primary disposal options for
common packaging materials, wastewater, slaughterhouse waste, and other
biodegradable substances in the food industry. According to the selected waste
treatment technology, the possibilities related to a mass material unit. The tool also
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accounts for transportation to the treatment facility as part of the waste disposal
scenario.

The data used to create this database are sourced from various methods and origins, all of
which are recognized and employed in both academic and industrial sectors. Furthermore, all
datasets align with information in the Ecoinvent 3.6 database, an ISO 14044-compliant database
widely utilized in most commercial LCA software.

5.5. Data input

Material and energy flows. It is essential to note that the LCST is designed to collect all
data regarding material and energy flows on an annual basis. The following are considered
material flows:

e water consumption;

e clectricity consumption;

e other energy sources consumption;
o refrigerants (annual pre-charge);

e waste materials.

Activity data for materials and energy flows within the tool should be inserted on an annual
consumption basis, which aligns with the convenience for industrial users (such as producers
or transporters), as energy audit data is typically recorded on an annual basis. For instance, in a
food company, detailed data on electricity consumption for each product in the warehouse is
uncommon unless there are individual warehouses for each product, which is rare, or if there
has been a specific cost allocation for materials and energy flows (like utility services).
Conversely, data on water, electricity, and other fuel usage can be easily obtained from the
yearly records of any company engaged in the supply chain. Therefore, this annual basis is the
preferred format for inputting such flows into the tool.

Payload-related data. Another crucial data category in the LCST is related to the payload.
Unlike material flows, this data is not inputted on an annual basis, owing to its inherent
characteristics. It involves information about the volume or mass of the product that needs to
be modeled for its transportation through various stages of the cold chain. This set of data
includes:

e distance traveled by each vehicle;
e travel time;
e amount of product transported per vehicle;
o the electrical power required for refrigeration and ventilation in independent units
(if any);
e water consumption for any purpose within the transport activities.
Nonetheless, within the transport activities, a specific data set necessitates annual input: the
annual pre-charge of refrigerant. This particular data set must always be inputted regarding
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yearly consumption, as the allocation of environmental impact is determined based on the
percentage of annual leakage. Therefore, the basis for calculation must align with this method.

Other data. Within the tool, additional data sets are essential for conducting accurate
calculations and presenting results that align with the specified functional unit. These include
information about the warehouse size, the duration the selected product remains in the
warehouse before transportation, the volume of the payload, and the average yearly quantity of
products stored in the warehouse. All this information is crucial for the allocation of mass and
energy in the output data. It is imperative to input this data accurately, as inaccuracies can
significantly impact the results.

5.6. LCA data processing and results visualization

The characterization factors incorporated in the LCST are sourced from the Ecoinvent
database 3.6. They are systematically categorized into specific libraries within the LCST and
organized into groups. This structuring facilitates the creation of distinct databases of
characterization factors arranged according to the types of background data, as outlined in the
subsection 5.4. These tailored sets of conversion factors are stored under the previously
mentioned data categories within the tool.

Over time, the categorization was refined to encompass the materials and processes
necessary for a practical environmental assessment of an FSC, thereby enhancing the tool's
applicability. The tool allows users to add a different food product that was not initially included
in the background database. In such cases, tool users must provide the product's ecological
profile for the three specified impact categories (GWP, CED, and water scarcity) arising from
the agricultural process, following a cradle-to-gate approach. Additionally, they can adjust
storage and transport temperatures for the product as it moves through the FSC. A decision
feature (Yes/No) is integrated to determine whether user-provided data should be used in the
LCA calculation. This option must be selected correctly to ensure accurate results.

Once the libraries for various categories are established, a core calculation Excel sheet was
generated. This sheet processes the input data for each stage of the cold chain (as shown in Fig.
5.1), utilizing the conversion factors from the libraries.

A preliminary glimpse of the final results can be observed directly from the graph beside
each stage box (see Figure 4.18) or in deeper detail in the “LCA results” sheet of the LCST.
The LCA results are presented as follows (see Fig. 5.3):

e Total impact of the evaluated cold chain for the three impact categories, and,
e Impact per functional unit (FU) for all impact categories
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Water scarcity(m3

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

Total impact across the cold chain

Water scarcity

GWP (kg CO, eq) CED (M) 3
(m”eq.)

Total impact per kg transported (FU)

Fig. 5.3. General output table for LCA results.

e A chart illustrates the contribution of each stage to the analysis across different
impact categories (seen Fig. 5.4). In this representation, the contribution of each
process to the respective categories is detailed, which is instrumental in pinpointing

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

® Transport from producer B Processing m Storage after production

15

m Transport to dist. center Storage at dist. center Transport to retailer/consumer

M Storage at retailer's backroom

Fig. 5.4. Process contribution chart.

e A table consolidates the outcomes for each stage in the FSC and includes a column
showing the cumulative impact per FU as depicted in Fig. 5.5. This table allows

practitioners to review the initial output data for each stage.

Cold Chain GWpP Cum. GWP CED (MU)/FU per stage Total Water scarcity Cum. Water scarcity
stages (kgCO2eq)/FU | (kg CO2 eql/FU PETSI28S | CED (MI)/FU alongstages | (m3 eq.)/FU (m3 eq.)/FU
1 Transport from Producer 0.019 0.019 0.374 0.374 0.002 0.002
2 Processing 0.154 0.173 4.564 4.939 0.067 0.069
3 Storage after production 0.007 0.181 0.141 5.080 0.013 0.082
4 Transport to Dist. Center 0.106 0.286 1.758 6.838 0.009 0.091
5 Storage at Dist. Center 0.294 0.580 2.583 9.421 0.745 0.836
6 Transport to Retailer/Consumer 0.084 0.664 1.227 10.648 0.008 0.844
7 Storage at retailer's backroom 0.015 0.679 0.132 10.779 0.005 0.849
8 Overall Waste scenario -0.001 -0.043 -0.003
Fig. 5.5. LCA results table per FSC stage.
e Figure 5.6 displays the proportional contribution of each process within the

evaluated impact categories.

86



GWP analysis
B2%. o3y
T~

CED analysis

~ O Transport from producer o Transport from producer

O Processing [ Processing

- J [ Transport to dist. center [ Transport to dist. center

1 16% / [Storage at dist. center O Storage at dist. center

OTransport to

OTransportto
retailer/consumer

retailer/consumer

o 19 Water scarcity analysis
0 1% 0%

’_,, >
0 8% /

0 1%

[ Transport from producer

[ Processing

I Transport to dist. center
O Storage at dist. center
OTransport to

retailer/consumer

Fig. 5.6. LCA results in shares per FSC stage.

o Finally, three charts presenting the cumulated impact across subsequent stages are
displayed to show the user how different outputs behave downstream of the FSC.

Accumulated impact through the cold chain Accumulated impact through the cold chain
e GWP e CED (MU)/FU per stage
(kg CO2 eq)/FU
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Fig. 5.7. Cumulative impacts along the FSC.

All the input and output data discussed in this section represent the baseline scenario of a
specific FSC. This implies that the scenario does not incorporate any procedure enhancements
or energy savings at any stage. Should EEMs be implemented, the consequent alterations in
material flows must be inputted into a separate evaluation scenario.
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5.7. LCC modeling

During this research, an evaluation of various EEMs was conducted, which involved
different participants in the FSC, including producers, transport companies, and intermediary
partners. The impact of these EEMs is primarily assessed through their effect on LCC.
Consequently, the LCST tool enable users to compare up to three distinct EEMs against a
baseline scenario. For this purpose, additional fields were created under “investment data
entry.” In this additional sheet that works as a user interface, costs for each item previously
analyzed in the LCA section are stipulated, and users have the flexibility to input their values
for different regions or markets in the “Prices” box. The initial box, labeled “project costs,” is
designated for inputting data related to production costs within the actor's business undergoing
evaluation. Additionally, fields for the investment costs of the three EEMs are provided,
allowing users to enter relevant data.

Project costs
Project costs Unit Baseline |EEM 1 EEM 2 EEM 3 Comments
Design (calculations, internal etc) € The costs of internal expertise for the project definition phase.
Definition costs The costs of external expertise (subcontracted) for the project
Technical assistance € definition phase.
Item 1 € 4,000 3,600 4,500
Construction Item 2 €
ftem 3 € orrespond to the program costs required beyond the
Investement costs Item 1 € o
N phase: the costs and the purchase and
in EEM Equipments and technical  [e™2 € fon of equipment
b y Item 3 € -
instalations Ttem 4 €
Item 5 €
[Electricity €/year 5,000 4,000 4,100 3,900
Fuels €/year 500 493 298 510
Labour costs €/year - - = |Costs for the activities conducted under the cold chain step
Operation and mai Water €/year = = —|assessed and directly performed by cost bearer or actor
Refrigerants €/year 20 20 20 20 ible 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 - - E
Packaging material 1 |€/year
Packaging material 2 |€/year

Fig. 5.8. Project costs and EEMs investment costs.

The EEMs need to be specified in relation to the baseline scenario to assess the impact in
financial terms. Consequently, a table box labeled "Expected results from EEM" should be
completed. This enables the visualization of changes compared to the performance of the
baseline scenario, as illustrated in Fig. 5.9.

Expected Results from EEM

Expected results/Energy savings Unit Baseline 25 Comments
Change in electricity consumption % -5.0%|
Change in other energy sources % 0.0%) 0.0%| Corresponds to the change in the different material or energy
Change in labour costs % 0.0%) 0.0%|flows, and changes in operational parameters due to EMM's
Change in water i % 0.0% 0.0%|i ion. Please enter the ing values.
Change in refrigerant pre-charge % 2.0% -5.0%) -3.0%)

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

% i 0.0%} {0.0% alues.

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

Fig. 5.9. Table for expected results from EMMs.

Typically, the primary outcome of implementing an EEM is a decrease in energy usage.
Nevertheless, the LCST allows users to assess changes in other aspects, including water
consumption and enhancements in the food quality factor. These improvements may impact on
the quality and quantity of the product delivered after the cold chain.

The EEMs can vary in a broad range of options, and some of the most common can be:
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e Improvement in ventilation and lighting systems;

e Changes in motors, pumps, and other auxiliary devices;

e Changes in equipment directly affecting the refrigeration systems;

e Improvements to the building in terms of insulation, installing curtains or separated
compartments;

e Deployment of new energy recovery technologies.

e Behavioural changes from the staff resulting in energy savings;

e Improvement in maintenance procedures;

e Operational changes;

e Technological improvement of monitor and control laces;

e Direct changes in the refrigeration systems

o Improve transport activities, such as better truck insulation, optimizing travel routes,
distances covered, and fuel monitoring.

The "Investment data entry" sheet in the tool includes additional fields for inputting
production data and financial factors, which are subsequently utilized in the economic
evaluation of EEMs using a C-LCC approach. This feature allows users to assess the economic
impact within a consistent financial framework and develop various investment scenarios.
These scenarios can consider elements such as the required rate of return, inflation, interest
rates on loans, and the proportion of investment. The results of the C-LCC for both the baseline
scenario and the potential EEMs are displayed in the “C-LCC Results” sheet. This includes
cash flow tables for each option and a summary table showcasing the primary economic output
indicators, as depicted in Fig. 5.10.

The LCST, as mentioned before, also provides the possibility of performing an E-LCC
evaluation. By utilizing a predefined set of material and energy costs and selecting the desired
EEM to undertake, the E-LCC feature calculates the cost changes in the stage where the EMM
occurs. This feature enables supply chain managers to quickly detect which EEM delivers the
highest cost reduction and where (see Fig. 5.11).

N o P Q R S T

LIFE CYCLE COST COMPARISON (€/unit)
Baseline | EEM1 [  EEM2 | EEM 3
613 | 5.86 | 6.30 | 5.69

INVESTMENT EVALUATION COMPARISON

EEM 1 EEM 2 EEM 3
NPV Fi 9,882 |4 6,442 (gl 4,681 |4 6,754
IRR - 44.22%] 37.41% 41.84%)
Pl - 2.61 2.30 2.50

NPV: Net Present value Is the difference between the total present value (PV) of
the incoming net cash flow and the investmet (-K).

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

PI: Profit Index is a ratio between total present value PV of future income and
initial investment.

Fig. 5.10. C-LCC output indicators visualization.
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Please select from the dro,
In which Life cycle stage is the EEM implemented?
Energy efficiency measure to implement?

Baseline scenario (€/thousands of kg delivered)

E-LCC

Costs Transport 1 BT Transport 2 Storageat | sport3 ity
processing 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
Storage after Storage at R s
Costs e dist. center Transport 3| ‘consumer
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 15.40 8.36]

Baseline scenario -

Future scenario

Total environmental LCC per thousand

impl ting EEM
of kg transported ( €) (implementing )

250.22

250.10
Fig. 5.11. E-LCC results visualization.

Additionally, 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, for example. Like the C-LCC, tables displaying expected cash flows
and evaluating the socioeconomic indicators are presented for each EEM option.

5

Year o 1 2 3 4 B T 8 9 o m 12 3
Ohuatflow
Up-front (investment] | -
On-going (O0&M] 1 (8)604538) | (8604538 | (8.604.538] | [8.604,538) | (8604.538) | (8604538) | (8604.538) | [8.604.538) | (8.604.538) | (B,604.538) | (8,604538) | (8604538) | [8.604.538)
Total standard costs. 1 (8)604.538) | (8604538 | (8.604.538] | [8.504,538) | (8604.538) | (8604538) | (5604.538) | [8.604.538) | (8.604.538) | (B.604.538) | (8,604538) | (8604538 | [8.604.538]
Avoided damage cost I - I - I - I - I - 1 - I - I - I - I - 1 - 1 - I - I -
Met cash flow I - 1 (8)604.538) | (8604538 | (8.604.538] | [8.504,538) | (8604.538) | (8604538) | (5604.538) | [8.604.538) | (8.604.538) | (8.604.538) | (8,604538) | (8604538 | [8.604.538]
Discount rate:
Discount factar ooz o0 o0z 100 100%% 100z 0oz o 100 1003 100x 0z o0 o0
Discounted net cash flow I - 1 (8)604.538) | (8604538 | (8.604.538] | [8.504,538) | (8604.538) | (8604538) | (5604.538) | [8.604.538) | (8.604.538) | (8.604.538) | (8,604538) | (8604538 | [8.604.538]
sacc snev « < e (s0ase) € (1,208,070 € (25Ane1s) € (41153 € (02090 € (s16m) € (6023767) € (65836306) € (17440800) € [86,035,382) € (39,699,520) € (103,250,458) € (111,858,957}
Future scenario (EEM-1)
Year o 1 2 3 4 5 T 8 9 o m 12 3
Ohuatflow
Up-front (investment] | [26.878]
On-going (O0&M] 1 [8678.205) | [3206,707) | (3,482.303) | [(3.767.336) | (0.060.418) | (10,362.230) | (OEF3.097) | (10.333.2300 | (11.323.083) | (11662781 1 [2.012665) | (12,.373,045) | [12,744.236)
Total standard costs. I (26,878 | (8678,205] | (9.206.,70V] | (3.482.903) | (3.767.336) | [10.060.478) | (10.362.230) | (10673.097) | [10.333.230)0 | (11.323.089) | (1.662.781 | [2.012665) | (12,373.045) | [12.744.236]
Avoided damage cost I - I 5250 1 5624 | 5821 | 6024 1 6,235 | 6454 | 6673 | 6313 | 71851 TA06 1 TEES | 7933 1 8.211
Metoash flow I (26,878 | (8672,355) | (3,201.083] | (3.477.0881 | (3761371 | (10.054.182) | (0.355777) | [(10.686.418) | [10.386.377) | [1.315.334) | [1ES5.376) | (12005,000) | (12,3685.112) | [12.736.025]
s m— 1 |
Discount factar 00z d d d d d d d d d d d d d
Discounted net cash flow I (26,878) | (8.412,766) | (8,643,018) | (86247500 | (8.530,007) I (8.546,055) | (8.431737) | (8426470) | [8.343646) | (8260631 | I8.158,763) | (8,043350) | (7313671 | [7.768.975]
1(8420,344) | [8672.304) | ([B.672.878) | [8672,852) | (8672826 | (8672800) | (B672,774) | (86727470 | (8672721 | (B.672634) | (8672667) | (8672641 | (BE72EM
snPvy € [oa) € (semom) € (rosssed) € (5712812} € (393028) € (e288870) € [s,306m) € [s9707,081) € (s5116727) € (763773%9) € [sa,336,122) € (92,579,472) € (100,995,103) € (108,262,118)
sle scon - 102 Lo1 100 00 100 101 101 101 Lou 1oz 102 103 103
Future scenario (EEM-2)
“ear o 1 z 3 5 7 & El 0 il 1z 13
Ohaflow
Up-front (ivestmentl 1
On-going (&) 1 (8)60d538) | (31285550 1 (3402410 | (3.584.484) 1 (3.375.018) 1 (0.274.263) | (10582.437) | (10.833.372) 1 (M226.371) 1 (TLSEI.TEO) 1 (M.30633) | (12.268.01d) 1 (12.636.054)
Total standard costs. I - 1 (860d.538) | (31285550 1 (3402410 | (3.554.454) 1 (3.375.018) 1 (0.274.263) | (10582.437) | (10.833.572) 1 (M226.371) 1 (TLSEI.TEO) 1 (MLIW0633) | (12.268.01) 1 (12.636.054)
Auoided damage cost | - - - - - - - - - P - - PR -
Met cash flow I - 1 (860d.538) | (31285550 1 (3402410 | (3.554.454) 1 (3.375.018) 1 (0.274.263) | (10582.437) | (10.833.572) 1 (M226.371) 1 (TLSEI.TEO) 1 (MLIW0633) | (12.268.01) 1 (12.636.054)
Oisoount el 0]
Discount factar 0o kLl 1 13 7 857 82 L % 7 V> &3 o I
Discounted net cash flow I - 10836,402) | (8,580,641 1 (85561341 | (B522.346) 1 (B4TETES) | (54243000 1 (B.3B0172) | (8.2863.378) | (8135683 1 (B.034.646) 1 (7.380184) | (7.851523) 1 (7.707.333)
« - € (8335a02) € (16927,209) € (25,483,438 € (34,005783) € (12,084505) € (50,90019] € (59269.621) € [67553,599) € (1579,288) € [s3,803,854) € (31,520,008) € (99,675,62) € (107383521)
s-ec scaA. #oIv/e! .03 102 101 0L 101 01 02 L0z L2 103 103 .04 104
Future scenario (£em-3)
Year o 1 z 3 g T k) 9 o m 12 13
Ouflow
Up-front (investment] | -
On-gaing (O&M] | [8)604,538) | (9,128,5955) | (3,402,470 | [3,684,484) | (9,375.018) | (0,274,269) | (10582,497) | (10,899,972) | (1226371 | [TL963,780) | (T.910633) | (12,268,01) | [12.636,054)
Tatal standard costs. I - | [8)604.538) | (3,128,555) | (3,902,470 | [3,684,484) | (9,375,008 | (0,Z74.269) | (10582,497) | (10899,972) | (1226371 | [TLS63,780) | (T.910633) | (12,268,01) | [12.636.054)
Auoided damage cost I - I - I - I - I - 1 - I - I - I - I - 1 - 1 - I - I -
Metzash flow I - | [8)604.538) | (3,128,555) | (3.9024T0 | [3,684,484) | (9,375,018 | (0,Z74.269) | (10582,497) | (10,899,972) | (1226371 | [TLS63,780) | (T.910633) | (12,268,01) | [12.636,054)
Oissountrae 0]
Diszaunt factar nox N 344 4 d d = d 6N TN T BT d B4
Discounted net cash flow I - 1[8,396,402) | (8,580,897 | (8556,134) | [(8,522,396) | (B47876%) | ($424.300) | (8.380,172) | [8.283.978) | (8795683 | (B.094.648) | (V.380,084) | (7.851529) | (7.707.333)
NPV < S € MGG € (1697,203) € (5453438 € (4005783 € (12484548 € (0909,99] € (9269621) € (67553599) € (57asse) € [2,893.834) € (9,820,008) € (99,675,627) € (107,383,621)
siec 5CBA #DIV/O! .03 102 1oL 101 .01 102 102 L 103 1.03 104 104

Fig. 5.12. S-LCC results visualization.
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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:

Conceptual Tool Validation:

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

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

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

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:

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.

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.

Content Recommendations: There were requests to expand the drop-down menu
options and clarify some of the 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, the concept of sustainability has undergone a profound
transformation. What was once primarily understood as a means to meet human needs has
gradually evolved into an integrated approach that gives increasing prominence to ecological
and social values alongside, and often above, purely economic considerations. This redefined
understanding of sustainable development emphasizes the enhancement of human well-being
and the safeguarding of environmental integrity, moving decisively away from the traditional
association of development with economic growth alone.

In the context of the food industry and its complex supply chains, this paradigm shift has
revealed a notable gap in the quantitative assessment of sustainability. Globalization has made
these supply chains longer and more intricate, resulting in higher energy demand, greater
resource consumption, and significant food waste across multiple stages. Despite efforts by
international organizations and technological advancements to reduce losses and improve
efficiency, the field of supply chain management still lacks a cohesive theoretical and
methodological framework that fully integrates the three pillars of sustainability.

By considering the entire life cycle of a product or service, from raw material extraction to
end-of-life, LCT enables the identification of environmental, social, and economic impacts that
are often overlooked by more traditional, fragmented approaches. This comprehensive
perspective is indispensable for industries seeking to optimize practices in ways that ensure
both immediate gains and long-term sustainability. Yet, the practical application of LCT in the
form of simple, accessible, and user-friendly tools remains underdeveloped. Many existing
tools are too data-intensive, too complex, or insufficiently tailored to specific industry needs.
This situation underscores the urgent need for research and innovation aimed at developing
robust instruments that not only adhere to LCT principles but are also suitable for a broad range
of stakeholders, including small and medium enterprises.

This doctoral research sought to address precisely this gap. It developed and tested an LCST
through a series of case studies within the food sector. These applications demonstrate that,
despite the inherent complexities of LCT methodologies, it is possible to design a framework
that integrates the three pillars of sustainability in a practical and sector-specific way. The case
studies in beef, fish, and eggs illustrate the tool’s capacity to identify sustainability hotspots,
assess trade-offs, and evaluate interventions that can generate both environmental and
economic benefits. The beef supply chain analysis revealed that longer, globalized supply
chains result in disproportionately higher environmental impacts per kilogram of product,
providing a strong argument for preferring locally sourced meat. The fish case study identified
fishing activities, driven by fossil fuel consumption, as the principal environmental hotspot,
with retail storage also playing a major role due to the low efficiency of display cabinets.
Sensitivity analysis confirmed that transport distances significantly influence environmental
footprints, again supporting the case for reducing food miles. The egg supply chain analysis
further demonstrated how producers and managers can benefit from even small-scale
interventions, particularly through targeted energy efficiency measures.

The economic evaluations carried out alongside these environmental assessments
confirmed that investments in energy efficiency are not only environmentally advantageous but
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also financially sound. This provides industries and supply chain managers with a clear
rationale for implementing changes that simultaneously improve sustainability performance
and enhance competitiveness. The systematic application of the LCST has thus demonstrated
its usefulness not only for individual producers but also for supply chain managers and
policymakers, who can rely on such quantitative insights to design strategies, allocate resources,
and develop supportive legislative frameworks.

6.1. Conclusions related to the objectives

This research aimed to address a critical gap in the evaluation of sustainability within the
food industry: the absence of a standardized and practical framework that integrates the three
pillars of sustainability into a single, quantitative assessment. Until recently, sustainability
evaluations in this sector have tended to be fragmented, focusing on either environmental,
economic, or social aspects in isolation. This fragmented perspective limited the capacity of
industry actors, supply chain managers, and policymakers to make informed decisions that take
into account the complex trade-offs between different sustainability dimensions. This Thesis
has demonstrated that it is indeed possible to overcome this limitation by developing a holistic
methodology based on life cycle thinking and operationalizing it in a way that is both robust
and user-friendly.

One of the main conclusions of this study is that LCA, long considered a technically
demanding and resource-intensive method, can be simplified without compromising its
analytical rigor. The proposed LCST integrates LCA with LCC and selected S-LCA indicators,
thereby providing a balanced evaluation across the environmental, economic, and social pillars.
Importantly, the methodology has been standardized in a way that allows users to design and
evaluate supply chain systems with minimal prior knowledge of LCA. This substantially lowers
the barriers to entry for stakeholders who would otherwise be unable to apply such methods,
especially SMEs and non-expert practitioners. By demonstrating the feasibility of such
simplification, the research contributes to making life cycle approaches more accessible and
actionable in real-world contexts.

The case study applications carried out in the beef, fish, and egg supply chains further
confirm the practical utility of this tool. The analyses provided critical insights into
sustainability hotspots across different stages of the food supply chain, highlighting, for
example, the disproportionately high environmental burden of long-distance transport in beef
supply chains, the energy-intensive nature of fishing operations in fish supply chains, and the
potential for targeted interventions in egg production systems. These findings not only
underscore the validity of the LCST as an evaluative framework but also demonstrate how its
outputs can inform decision-making at multiple levels. For individual producers, the tool
provides clear evidence of where process improvements can yield both environmental and
economic benefits. For supply chain managers, it provides a systematic basis for determining
where investments in efficiency or innovation will yield the greatest returns. For policymakers,
it highlights areas where regulatory incentives and supportive legislation can have the most
significant impact.
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Another important conclusion concerns the LCST's capacity to bridge the gap between
theory and practice. While academic discussions of LCT have long emphasized its conceptual
value, practical applications have been limited by methodological complexity, high costs, and
data requirements. This research demonstrates that it is possible to translate theoretical
principles into a standardized, yet adaptable, tool that balances scientific rigor with usability.
In doing so, it moves life cycle methodologies beyond the domain of experts and embeds them
within the operational realities of the food sector. This achievement is especially relevant in the
European context, where regulatory frameworks such as the CSRD and broader commitments
to the SDGs are placing increasing demands on industries to evaluate and report on their
sustainability performance.

Finally, the conclusions of this research reinforce the notion that sustainability assessment
is not only a technical exercise but also a strategic enabler for transformation. The integration
of environmental, social, and economic dimensions into a single framework provides
stakeholders with a more comprehensive understanding of trade-offs and synergies, thereby
empowering them to make informed decisions that align with long-term sustainability goals.
The LCST thus contributes both theoretical advancements by expanding the operational
boundaries of LCT and practical innovations by delivering a validated tool that can guide
industry practice and policymaking alike.

In summary, the thesis concludes that integrating LCA, LCC, and S-LCA into a simplified
and standardized methodology is both feasible and necessary for advancing sustainability
assessment in the food industry. By demonstrating the operationalization of LCT through
empirical case studies, the research has not only confirmed the theoretical value of life cycle
approaches but has also provided a tangible instrument to support decision-making across the
food supply chain.

6.2. Recommendations

The results of this doctoral research clearly point to several recommendations that can
benefit industry actors, policymakers, and the academic community. Central to these
recommendations is the recognition that the LCST developed in this thesis introduces a
significant innovation, as it enables rapid evaluation of environmental effects when designing
and comparing scenarios for food supply chains across most EU-27 countries. By simplifying
the LCA methodology proposed in ISO 14040 and 14044, the tool reduces complexity while
maintaining scientific rigor. Users can create product systems, adjust system boundaries, and
obtain results without requiring prior expert knowledge of LCA. Unlike traditional cradle-to-
grave approaches, the LCST applies gate-to-gate boundaries, thereby providing actors with a
practical means of assessing sustainability at specific stages of their supply chains, while still
taking into account upstream and some downstream processes connected to that stage.

This approach has several important implications. For industry actors and supply chain
managers, the LCST offers a practical and accessible decision-support tool that makes
sustainability evaluation both feasible and actionable. The merged LCA and LCC modules
allow users to examine trade-offs across environmental and economic dimensions, while the
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inclusion of social indicators extends the scope to cover the three pillars of sustainability. The
tool has been designed with usability in mind, so that it can be employed not only by technical
experts and large corporations, but also by small and medium-sized enterprises that often lack
the resources to apply conventional, expert-driven methodologies. Nevertheless, some basic
training is recommended to avoid calculation errors or misuse, ensuring that results are both
accurate and consistent.

The benefits of implementing such a tool extend beyond environmental improvements. The
LCST can generate clear financial advantages by highlighting measures that reduce the number
of transport vehicles or encourage shifts to more efficient vehicle types, optimize energy use in
refrigeration or processing stages, and support compliance with evolving regulatory standards.
At the same time, it can reduce costs associated with waste disposal and resource inefficiency.
Beyond the operational sphere, companies can leverage the tool’s results as part of their
sustainability communication strategies, gaining a competitive marketing advantage by
demonstrating measurable progress in environmental and social performance to consumers,
clients, and investors.

The experience of the ICCEE project further reinforces these recommendations. Companies
that participated in the project discovered both their potential to improve energy efficiency and
the range of non-energy benefits that such measures could generate. Benchmarking against
other firms’ supply chain energy performance provided valuable insights, while structured
capacity-building activities, including training sessions and e-learning modules, equipped
companies with the knowledge to translate assessment results into action. Building on this
experience, it is strongly recommended that future dissemination of the LCST be coupled with
targeted training and capacity-building programs. This will not only ensure proper tool use but
also help organizations embed sustainability thinking into their operational culture.

For policymakers, the findings suggest that simplified, standardized, yet scientifically
robust tools, such as the LCST, should be integrated into policy instruments and regulatory
frameworks. By providing accessible mechanisms to evaluate sustainability performance,
policymakers can lower compliance barriers and encourage wider adoption of sustainability
assessments across the food sector. Furthermore, quantitative insights generated through the
LCST can be directly employed to design more targeted policies, for instance by incentivizing
local sourcing to reduce food miles, supporting energy efficiency upgrades in refrigeration, or
addressing fossil fuel dependence in fisheries.

Ultimately, for the academic and educational community, the LCST serves as a valuable
resource for training and education. Its accessibility makes it an excellent tool for students,
early-career researchers, and practitioners who may not have advanced training in LCA, but
who require practical experience with sustainability assessment. Embedding the tool in
curricula, workshops, and capacity-building initiatives will contribute to the creation of a new
generation of professionals able to bridge the gap between sustainability theory and industrial
practice.

In summary, the LCST and its supporting framework are more than a theoretical
advancement: they represent a concrete pathway for operationalizing Life Cycle Thinking in
the food industry. The recommendations emerging from this study call for its adoption by
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industry actors as a decision-support instrument, its integration into regulatory and policy
frameworks by governments, and its use as an educational tool within academia. Together, these
actions will contribute to reducing environmental burdens, enhancing economic efficiency, and
reinforcing social responsibility across food supply chains, thereby advancing both the practical
and theoretical dimensions of sustainable development.

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 the 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.

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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1. INTRODUCTION

The growing population and market conditions have increased per capita food demand
mainly in developing countries [1]. Such boost in demand has created a rapid expansion in
the livestock industry in developed and developing countries [2]. [3]. therefore also increasing
the environmental toll associated with 1t impacting greenhouse gases (GHG) emussions,
deforestation. and land degradation [4].

The environmental impact of beef production shows a wide range of results mainly because
of different methodological choices and fundamental cattle production systems that change
among regions [1]. Moreover, beef meat farming 1s mvolved in several of the global
Sustainable Development Goals (SDG) set by the United Nations. In particular, 1t contributes
to SDGI (zero hunger)., SDG3 (good health and wellbeing), and SDGS (decent work and
economic growth) [3]. Nevertheless, meat production can also have an impact on other SDG,
such as SDG13 (climate action) and SDG15 (life on land), as beef and sheep production has
increased by 44 % and 56 % respectively from 1970 to 2018 worldwide [5].

The food supply chain (FSC) plays an essential role in ensuring the sustainabality of meat
production and distribution, as it is during the last stages of the FSC where most food is
wasted [6]. According to [7]. the produced but uneaten food represents almost 1.4 billion
hectares of used land, which is equivalent to nearly 30 % of the world's total agricultural land.
Furthermore, 1t has also been estimated that one ton of wasted food 1s responsible for the
emissions of 4.5 CO; ton to the atmosphere contributing to methane formation once disposed
of in a landfill.

Due to these reasons, the FSC has to be addressed from a sustainability and holistic point
of view to optimize the agricultural sector's benefits and results [8]. By using a life cycle
assessment (LCA) tool, 1t 15 possible to evaluate the overall sustainability of the food industry
essentially related to the number of natural resources utilized, the human necessity for
nourishment. and generally the dependence of communities on food for subsistence.

The need to use assessment tools for strengthening the food supply chain sustainability is
also proposed in the study of M. Soysal et al. [9]. The authors emphasize the innate features
in food products that require added efforts 1n logistics due to environmental and quality
concerns. This finding also highlights the need for decision support tools that enable to
incorporate the economic 1ssue with food quality and environmental ones 1n the FSC, as the
main challenges for sustamability managing.

This study has been conducted during the EU-funded H2020 project: ‘Improving cold chain
energy efficiency’ (ICCEE) [10].

2. METHODOLOGY

The term life cycle assessment (LCA) was comed 1n 1990 during the SETAC (Society of
Environmental Toxicity and Chemistry) congress held m Vermont (USA). The definition
given at that time, and still widely accepted today, describes LCA as “an objective process of
evaluating the environmental burdens associated with a product. process, or activity,
conducted through the identification and quantification of energy and materials used and
wastes released into the environment, to assess the impact of these energy and matenal uses
and releases on the environment, and to evaluate and implement opportunities for
environmental improvement. The assessment encompasses the entire life cycle of the product.
process, or activity, including extraction and treatment of raw materials, manufacturing,
transportation and distribution, use, reuse, maintenance, recycling, and final disposal” [11].
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In this study, the authors propose an LCA model for the beef cold chain Specifically, the
authors compare a baseline scenario and scenarios with a hypothetical scenario implementing
energy efficiency measures from the circular economy and industrial symbiosis solution. The
study aims to assess the environmental impacts in the regional and local supply chain in a
European context.

Specifically, this study was carried out with the ISO 14040 and 14044:2006 standards [12]
implementing the LCA methodology 1n a four-stage standardized procedure. SimaPro 9.0
[13] software developed by Pre Consultants and Ecoinvent 3.0 [14] were used for the creation
of the LCA model and the overall environmental impact was evaluated using the IMPACT
2002+ method [18].

2.1. Goal and scope definition
2. 11, Goal

This study aims to evaluate the environmental impacts of a regional and local beef cold
chain 1n a European context. The beef cold chain 1s very complex and may imnclude several
actors, an undefined number of stages such as processes of slanghtering, processing, storage.
and transport activities in different geographical areas.

In this LCA study, the performance of four scenarios (including the baseline scenario) are
compared and analyzed. namely:

1. Baseline scenarnio:
Energy recovery scenario through the transformation of biowaste mto biogas
with subsequent cogeneration of heat and power (CHP) — EEMI1 scenario:

3. Renewable energy use (photovoltaic solar energy) — EEM2 scenario:

4. Efficient compressors replacement — EEM3 scenario.

2.1.2. Scope

The supply chains under study were modeled without considering the end consumer step.
This stage can be very flexible and unpredictable, 1n fact depending on the type of consumers,
their needs, living conditions, energy consumption, geographical area, social conditions,
political, economic, and environmental constraints, and finally, the type of end consumer
(e.g.. household. restaurant, hotel, canteen. etc.).

The processing stage for the regional beef cold chain contains a larger. more articulated,
and highly diversified production process that accommodates more products than the local
one's processing stage. In both scenarnos, the processing phase also includes the post-
processing storage of the beef. Transportation was considered from farm to slaughterhouse,
from slaughterhouse to processing, from processing to a central distributor, and from a central
distributor to wholesale and retail.

The main differences considered between the regional and local supply chain are the size
and energy consumption of the processing and storage phase, different product demands 1n
the processing and storage phase, transport distances, especially from the processing and
storage phase to the distribution center, and the geographical contextualization in which the
two (1.e_. local and regional) supply chains work. These activities are shown 1n Fig 1.
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Fig. 1. Modeled supply chain.

2.1.3.  Functional unit

In this study. the functional unit (FU) 1s represented by 1 kg of beef deliversd at the
wholesaler or retailer, so all the reported values (such as energy conswmption, packaging.
waste, water, transport, etc.) across the life cycle have been normalized on lkg of product.

2.1.4. Geographical boundaries

A distinction between regional and local supply chains 1s made as follows: the regional cold
chain begins with the breeding in Villareal (Spain), moving to the slaughter in Tarragona
(Spain) with a transport distance of 200 km, and then arrives in Lleida (Spamn), for the meat
processing and storage phase (100 km of distance); from Lleida, the beef 15 transported to
Italy to reach the distribution center located in Florence with a distance of 1240 km, and
finally, within Florence, the beef 1s transported to the city's supermarkets with a further
transport of 20 km.

The local beef cold chain begins with the breeding in Tolmezzo (Italy), moving to slaughter
in Castelfranco Veneto (Italy) with a transport of 200 km, and then the raw beef 15 transported
to Verona ([taly) for processing (100 km). From Verona, the beef products are transported to
the Rome distribution center (Italy) for 500 km and finally, mn Rome, the food product 1s
distributed 1n the supermarkets of the city with a further transport of 20 km.

2.2, Life cycle inventory

Life cycle mventory (LCI) represents the LCA phase for the collection of data to be
implemented in each scenario necessary for the assessment of the potential environmental
impacts from the regional and local beef cold chain. In the LCL data are referred and
normalized to the functional unit of lkg of beef delivered. For the implementation of the
inventory data, the following databases related to the inventory processes i SimaPro were
used:

— Ecoinvent 3. The Ecoinvent v3.6 database [14] contains LCI data from various sectors
such as energy production, transport. building materials, production of chemucals,
metal production, and fruit and vegetables:

— Apn-footprint [15]. This database includes linked unit process inventories of crop
cultivation, crop processing. anmimal production systems, and processing of animal
products for multi-impact life cycle assessments.

In this study, data from two different processing companies in Italy was obtained, both
conducting activities such as cutting, freezing, and packaging of beef [16]. For data related
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to water and electricity consumption, packaging. and industrial area in the processing phase,
the company with the higher annual production (1.e., 3000 t/year) was considered for the
regional chain, while the one with smaller capacity was considered for the local supply chain
(1.e., 1200 t/year). The same amount of electricity consumption in the breeding and
slaughtering phase for the regional and local beef cold chain was considered. The companies
providing such information were partners of the ICCEE project or companies interviewed
within the ICCEE project implementation.

Electricity consumption 15 one of the recurrent inflows in most of the process as it 1s used
for slaughtering, production and refrigeration activities, in both the regional and local cold
chains. Thermal energy 1s used in the slaughtering and processing step to supply hot water
and hot air, for hygiene, and space heating in several other stages of the beef cold chain.
Water consumption 1s used for refrigeration, slaughtering. processing, storage and transpost.
In the transport activities. 1t 15 assumed the truck engine drives the refrigeration system.

The transport activity (from the slaughterhouse to the processor) 15 modeled as waste-free,
assunung 1.66 kg of meat per functional unit (FU) as input and output in the process. The
only umit process considered in this step 1s the vehicle operation for 100 km (Freight lomry =
32 metric ton, EURO 5) for both regional and local supply chains.

The processing stage in the supply chain 1s performed considering data available from an
existing warehouse. Refrigerant type R134a and the average occupation of the storage room
of 90 % were assumed. All other relevant data for this activity are presented 1n Table 1. The
activities performed in this stage include cutting. freezing, packaging. and later storage of
previous transport to the distribution center.

TABIE 1. LCI FOR PROCESSING STAGE (NORMALIZED TO FU)

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 2391 2391
Electricity, kWh 0.14742 0.12346
Tap water, kg 0.013 0.0042
i:féﬁmﬁrztgw”mﬂm' low 0.000056 0.000066
Packaging film, low density polysthylene, kg 0.0046 0.00583
Occupation industrial area, m” 0.000221833 0.00031

After the processing unit, the next stage of the cold chain 1s transport to the distribution
center, using a freight lorry 7.5-16 ton capacity with a refrigeration unit driven by the main
truck engine using R134a as a refnigerant. This unit process 15 taken diurecily from the
Ecoiwnvent database and adjusted to a transport distance of 1240 km for the regional cold chain
and 500 km for the local one. Softened water 15 used 1n this stage and just as in the previous
transport activity. this stage 15 considered waste-free. The mventory for the storage activity
15 presented 1n Table 2.

The last transport activity, from the distribution center to the retailer or wholesale place, 1s
modeled using the unit process found in Ecomnvent as ‘Freight lorry 3.5-7.5 ton with
refrigeration machine, R134a refrigerant, EUROS’, for a total distance of 20 km in the
regional and local supply chain models. Agamn, this stage 15 considered waste-free. The last
stage in the supply chain 1s the retailer facilities' storage as presented 1n Table 3.
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TABILE 2. LCI FOR STORAGE AT THE DISTRIBUTION CENTER (NORMALIZED TO FU)

Material Regicnal Local
Output — Frozen meat (beef), kg 1.0 1.0
Input — Frozen meat, kg 1.0 1.0
Electricity, kWh 0.01957 001957
Tap water, kg 0.034463 0.0282
Occupation industrial area, m’ 0.000002712 0.000002712

TABILE 3. LCTFOR STORAGE AT RETATER/WHOLESALER (NORMATLIZED TO FU)

Material Regicnal Local
Qutput — Frozen meat (beef), kg 1.0 L0
Input — Frozen meat, kg 1.0 1.0
Electricity, kWh 0.04 0.04
Occupation industrial area, m’ 0.000042462 0.000042462

2.3. Energy Efficiency Measures

In this study, three different types of energy efficiency measures (EEM) are evaluated in
terms of renewable energy and energy recovery intervention and intervention on auxiliary
technologies. The scenarios are described 1n detail 1n the following subsections.

2.3.1. Energy Recovery (EEM-1)

This measure 1s considered applied at the first and third stages of the supply chain. at the
slaughterhouse and processor’s facility. The transformation of biowaste generated from the
standard activities conducted in these facilifies into biogas by anaerobic digestion and
subsequent cogeneration of heat and power (CHP) 15 modeled considering the study
conducted by [17]. The authors of the study assume that meat biowaste can be processed in
bioreactors to produce biogas through anaerobic digestion.

In the present study. 1t 15 assumed that biogas 15 used to generate electricity and thermal
energy, with an industrial cogeneration unit, to re-use them in the slaughtering and processing
stages. This scenario 1s 1 line with the application of both circular economy principles (1.e..
valorization, recycling. and reuse of meat biowaste) and industrial symbiosis (1.e., sharing of
bioresource within a synergic and efficient network). Nonetheless, electricity and heat can be
shared with other networks integrating them in other supply chains. companies, or even
communities boosting industrial symbiosis.

In the stages under consideration for implementing the EEM-1. it 1s assumed that 90 % of
the biowaste fraction can be converted effectively into biogas [17]. and further imjected into
a 90 % efficiency CHP plant.

Calculated potential new consumptions or energy outputs to the grid are displayed in
Table 4 for both supply chain scenarios. Whenever the produced energy is higher than the
facility’s demand and extra energy is available to be sold. a positive number 1s expressed,
while a negative value means the energy mnternally produced 1s not enough and consumption
from the grid is still required 1n the displayed amount. Values are referred to as the functional
umnit.
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TABLE 4. NEW ENERGY CONSUMPTIONS AFTER IMPLEMENTING EEM-1

At Slaughtering, MWh At Processing, MWh

Resional supply Electricity conmﬁm (-) fprosumption (+)  0.000110824 0.000257912
chain Heat consumption (-) 0.000278743 0.000179739
fprosumption (+)
Electricity consumption (-) - -
Local supply Jprosumption (+) 0.000110824 0.000281877
chain Heat consumption (-) 0.000278743 -0.000179739
Jprosumption (+)

2.3.2.  Renewable Energy Production and use (EEM-2)

The second EEM scenario evaluates the production of renewable energy at the storage stage
in the distribution center. Aiming to reduce fossil fuel usage. refrigeration driven by solar
energy has become one of the promising approaches to reduce or partially replace
conventional refrigeration systems. The technology is almost mature to compete with
conventional cooling equipment but remains highly dependent on climatic conditions.

For the particular case. a photovoltaic slater-roof mstallation of crystalline silicon panels
with a total peak power of 2378.33 kW, was modeled based on calculations considering a PV
farm with 793 panels installed at the distribution center facilities in Florence and Rome, Ttaly.
The total electricity production was calculated for both scenarios taking into account the two
different geographical locations. reducing the electricity consumption from the national grid
by 1.12 % and 1.02 % in the regional and local supply chain scenarios, respectively.

2.3.3. Efficient compressor replacement (EMM-3)

The third EEM measure applied in the life cycle model 15 the replacement of efficient
compressors in the wholesale/retail stage (supermarket) of the meat cold chain. This energy
efficiency measure consists of installing new compressors that are virtually capable of
covering a larger portion of the cold load. The switching of compressors may result in a
significant reduction in electricity consumption and CO; savings. It can also improve working
conditions and safety due to an ammonia leakage detection system that can be installed with
the new system. Other sigmificant benefits are the mcreased lifespan. lower mamitenance
costs, and improved control system.

It was further assumed that replacing all old compressors with new ones, mncluding new
inverters (7.5 kW), can save up to 20 % of electricity per year at the retailer stage in the
supply chain The equipment replacement was included in the inventory for both supply
chains and electricity consumption adjusted accordingly to a 20 % of electricity savings.

3. LCARESULTS

From a first analysis. no differences in the results were observed from one scenario to the
other, despite the modeled changes considering different EEMs. This 1s explained as the
breeding and slaughtering phase are the main driver in the overall environmental 1mpact in
the supply chain, with more than 95 % of the total impact allocated to this stage. Hence, 1t
was considered to exclude it from the cold supply chain to distinguish the effects of the EEM
scenarios more clearly in the remaining stages.

The baseline scenario weighted results for the regional supply chain are shown in Fig. 2.
including the total single score representation per stage and the disaggregated impact per each
area of concern.
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Fig 2. Weighted results per stage for the baseline scenario in the regional supply chain.

A total environmental impact of 140 mPt was found for the regional supply chain scenario.
The most relevant stages are transport 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 in the area of
climate change, resource consumption, and slightly less on human health, leaving the
ecosystem quality only muldly affected. For the local beef supply chain, the results are sumilar
since most activities require similar energy consumption and are performed very simuilarly.
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.

150

100

50

, HIER Hulll = m II“ Il“
Tatal Human health  Ecosyjilim quality  Climate change Rescurces

-50

-100

B Bazeline scenario  WEEMI scenario WEEM? Scenario W EEMS3 scenanio

Fig. 3. Weighted results companison for the regional supply chain.

350



Environmenial and Climate Technologies

2021723

The comparison graph displayed in Fig. 3. shows how EEM-1 1s the one that brings the
most environmental benefits in every single area of concern, while the other EEM scenarios
barely show any difference when compared with the baseline. The EEM-1 scenario might
also potentially deliver environmental credits to the ecosystem quality area, due to avoiding
electricity consumption from the country mix. which 1s mainly linked to the use of fossil fuels
and land use for hydropower production [18].

Since the local supply chain has lower impact due to lower transportation distances, the
savings created by the EEM-1 scenario make a bigger impact on its overall result, showing
even a negative value (environmental benefit) for the entire food supply chain.

As for the regional supply chain, the local scene 1s not affected by implementing the energy
efficiency measures 2 and 3, as shown in Fig. 4.

100

20
D II|I - .- LI K

Toatal Human health  Ecosystem quality  Climate change Resources

M Baseline scenartio  WEEMI scenario  WEEM? scenario  MEEM3 scenario
Fig. 4. Weighted results comparison for the local supply chain.

4. LIFE CYCLE COST

Life cycle cost (LCC) 1s a versatile technique that can be applied for various purposes and
at different stages of a project’s life cycle to support decision-making. It might be undertaken
both as an absolute analysis (e.g.. to support the process of budgeting) and as a relative
analysis (e.g., to compare alternative techmnologies). Three vanants of LCC can be
distinguished: Conventional LCC, Environmental LCC, and Societal LCC.

The conventional LCC, also called financial LCC can be considered synonymous with Total
Cost of Ownership [19].

In this work, a comparative and conventional approach was undertaken between the
baseline and different energy efficiency measures scenarios. This task was achieved by
analyzing the required investments from different beef cold chain actors for each scenario
evaluating each investment's economic convenience.

As changes between the modeled regional and local supply chain mainly distinguish from
each other only at the transport activities, and EEM scenarios in this study are only
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implemented at the level of the processing or storage stages, only the regional supply chain
15 considered for the LCC evaluation.

The baseline scenario’s cost structure for comparison with the EEM-1 15 presented in
Annex 1, and the investment required for the construction of anaerobic digestion and
cogeneration of heat and power plants was estimated at 26 878 EUR. Potential new running
costs after EEM-1 are implemented are shown in Annex 2 and include a reduction in
electricity and heat consumption as well as an increase in labour costs due to new equipment
operation. The financial scheme consists of an annual interest loan rate of 10 %, a required
rate of return of 20 %, and a share of investment supported by equity of 30 %. The 1nflation
was taken from the [talian average value in the last 5 yvears (0.6 %0).

For the comparison between the baseline scenario and EEM-2, the warehouse's running
costs are presented in Annex 3. and the total costs for investment were estimated at 3 567 495
EUR. For this case, the financial conditions considered were a required rate of return of 14 %,
an mferest rate on the loan of 6.0 %, and an inflation of 0.6 %. Simularly. the EEM-3 running
costs comparative scenario 1s presented in Annex 4. considering an electricity reduction of
20 %. The compressor replacement cost was estimated at 6800 EUR and the same financial
conditions as in EEM-2 were considered.

For the economic evaluation, budget and market prices were used. referring to the specific
regions’ market conditions where activities are modeled.

After a sensitivity analysis, it was found that the changes in market prices for beef could
either positively or negatively affect the internal rate of return or the profit index of the
evaluated projects if the production capacity of the plants remains constant 1 fime. Net
Present Value (NPV) analysis shows that the EEM-1 1s the most attractive one from the
economic perspective.

5. CONCLUSIONS

The study provides an insight on the environmental and economic sustainability towards
the cold supply of beef meat. From a holistic perspective implemented with an LCA and
conventional LCC, this study highlights the potential effects of specific EEMs within a local
and regional context.

The study considered four different scenarios implemented within the regional and local
context, taking into a baseline scenario and three types of EEM scenarios implementing both
energy efficiency solutions. circular economy and industrial symbiosis, and integrating
renewable energy technologies.

The study shows that the breeding and slaughtering phase of the beef cold chain 15 the
environmental hotspot overtaking most of the overall potential impacts in the supply chain.
This 15 due to the land use required for the livestock, methane emissions from ruminants. and
its food production cycle.

‘Within an internal and deeper analysis, the weighted results at md-point impact categories
show that categories such as ‘Non-carcinogens’, “Terrestrial ecotoxicity’ and ‘Land
occupation’ are the most affected for the four scenarios considered in the global beef cold
chain. In the local supply chain, the same categories as in the regional supply chain are found
to be the most impacted ones. Among the mid-point categories, the “Non-carcinogens’ impact
category represents about 18 % of the total impact, ‘Terrestrial ecotoxicity” contributes with
near 70 %, and ‘Land occupation” covers about 9 %, mamly from the breeding and
slaughtering activities.
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At the end-point level, the ecosystem quality category represents near 80 % of the total
impact, while the human health category represents about 22 % in the four scenarios, both for
regional and local supply chains.

It was also found that long transport distances can negatively affect the beef supply chain
due to the fuel consumption invested in the trip and required for running the refrigeration
units. The processing stage 15 a key contributor to the cumulative environmental load across
the supply chain due to the different activities in the facilities such as meat cutting, internal
transport, packaging, handling waste, and storage of previous waste. This finding 1s
disregarding the length of the supply chain To these intrinsic sub-processes, the
administration activities requiring personnel in the building might increase the whole process
energy expenditure to ensure a comfortable environment that comes with the use of either air
conditioners or heaters, depending on the season.

When the breeding and slaughtering phase 1s excluded from the LCA_ results show that the
most affected areas are climate change and the use of resources, followed by human health.
By evaluating the three alternatives considered in this study. it is found that the production
of energy from waste via anaerobic digestion and a cogeneration plant (EEM-1), 1s the one
that delivers more benefits to the environmental performance of the supply chamn.

The EEM-2 does not bring environmental benefits to the supply chains under evaluation as
the energy savings are barely in the order of 1 % and still require installing a large PV system.
On the other hand, EEM-3 could save up to 20 % of electricity consumption from the
electricity mix but requires installing new devices, the environmental burden of which 1s
related to its manufacturing process and overlaps the potential benefits.

The study emphasizes the need to move towards evaluating energy efficiency interventions
towards the food cold supply chain to find the optimal condition (both environmental and
economic) for the entire actors involved in the whole supply chain rather than the single actor.

Further research will be necessary to evaluate the effect of quality losses on the considered
supply chain.
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ANNEXES
ANNEX 1. COST STRUCTURE FOR EEM—-1(BASELINE)
Project costs Unit Baseline
Running costs/Cost Operation and Electricity €Efyear 52875
Categories mamtenance Labour costs Efyear 340 000
Water €fyear 88
Refrigerants Efyear 375.6
Thermal energy €fyear 97 633
Production costs Raw material — Beef €Efyear 8070000
Packaging material 1 Efyear 166.6
Packaging material 2 €fyear 43 400
ANNEX 2. RUNNING COSTS STRUCTURE FOR THE IMPTEMENTED EEM-1
AT THE PROCESSING STAGE
Project costs Unit Baseline EEM1
Running costs/ Operation and B
Cost Categories  maintenance Electricity Elyear 521875 -
Labour costs Elyear 340000 493 000
Water Efyear 88 28
Refrigerants Elyear 3756 3756
Thermal energy Elyear 97 633 26422
Production costs Raw material — Beef Elyear 8070 000 8 070 000
Packaging material 1 ~ €lyear 166.6 166.6
Packaging material 2 &fyear 43 400 43 400
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ANNEX 3. COST STRUCTURE FOR BASELINE VS EMM-2 IMPLEMENT SCENARIO
(AT WAREHOUSE STAGE)
Project costs Unit Baseline EEM2
Running Operation and maintenance Electricity €/year 41 182 200 40 770378
costs/Cost Labour costs  Efyear 400 000 560 000
Categories El
Water €fyear 849170 849 170
Refrigerants €/year 238944 238944

ANNEX 4. COST STRUCTURE FOR BASELINE V5 EMM—3 IMPLEMENTED SCENARIO

(AT ARETAILER)
Project costs Units Baseline  EEM3
Running costs/Cost Operation and maintenance Electricity €iyear 3006 2405
Categories Labour costs Eiyear 300000 300000
Befrigerants €fyear 500.8 3008
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Abstract—In this paper, a literature review on studies
addressed to understand the environmental impacts caused by
the fish supply chains and potential energy efficiency measured
in Europe is performed. A genera.l definition of the cold chain is
provided along with its main topicalities, such as quality
degradation, food losses, social and environmental issues. The
local fishery sector relevance is described for Latvia and then a
bibliographic analysis is performed using a specialized tool that
allows recognizing the main topics covered in the last vears
within the scientific community. Results show a lack of studies
focuses on recognizing the benefits or setbacks of implementing
energy efficiency measures in actors across the supply chain.

EKeywords—cold cham; fishery sector; Latvia; energy efficiency
measure

I. INTRODUCTION

The food and beverage sector in the EU has a high
relevance, accounting for around 12.8% of the added value in
manufacturing [1], including 230,000 companies and 4.3
million employees. The sector’s tumover in 2012 was over
1,000 billion euros (Le. 14.6% of the total EU mamnfacturing
sector) and the embedded energy accounts for more than 25%
of the EU-27 total final energy consumption [2], [3].

As demand for fresh food has prown with the rising
population, this has brought the necessity for increased
inovation and technological novelties to overcome the
capacity and infrastructure restnctions related to food
production and distribution. At the same time, this trend could
alleviate the emergence of nsks to ensure food quality at the
end of the supply chain. The cold chain is one of the tools that
aid in pursuing this goal

Parties concerned across the Food Supply Cham (FSC) aim
to decrease thewr energy consumption by undertaking energy
efficiency towards sustamnable developing pnnciples by
implementing energy audits in their actrvities. However,
energy audits provide only a picture of the current condition at
a specific stage, and thus of a single actor of the whole supply
chain. In this way, the sustanability of energy efficiency
measures and their potential benefits across all the supply chain
should be evaluated from a holistic perspective.

Hence, to reduce the energy consumption in FSC it is
necessary to understand and identify the hotspots for

078-1-6654-3804-9/21/331.00 ©2021 Eurcpean Union

128

stakeholders to take the essental measures. This analysis
requires a holistic approach that avoids burden-shifting;
therefore, a determined actor on the chain would be able to
identify its opportunities for improvement.

Moreover, research studies showed in different contexts the
effect of the low implementation of energy efficiency i
companies attested by energy audits 15 often no higher ‘than
50% [4].

The main barriers to releasing the potential energy
efficiency measures (EEM) are scarce financing lack of
awareness, lack of kmowledge, and unsuitable choice of key
performance indicators and tools that hamper the efforts to
select the best cost-effective measures [5] [3]. This 1s a major
drawback especially for small and medmm-sized companies
(SMEs). They tend to suffer from limited awareness of these
opportunities and they often lack applicable methods and tools
to quantify and address energy efficiency in their companies.

SMEs in the industrial sector have a shight awareness of the
opportunities that some energy efficiency measures might
bring over the enfire supply and mostly, they lack methods and
tools to implementing them [3] [6]. Moreover, the impacts
delivered by specific energy efficiency measures depending on
the particular industry sector and the actor implementing them.
Therefore, custom-made approaches are required.

The energy costs respect the total production costs in the
food sector a key aspect to conmsider (i.e., dairy-based
manufacturing products have energy costs about 11%% of the
production added value [2]). That 1s why energy efficiency in
the food and beverage sector’s cold supply addresses several
nultidisciplinary aspects: energy expenditure (around 15% of
the total energy 15 in conmection to cold chains and coeling
systems [7], and 40% of all food deliveries needs refrigeration
or chilling [8]). economy, cold supply chains involve a wide
spectrum of compames from different industrial sectors [3],
and society and environment, as the back-streams of cold
chains many time belongs on intensive land and resource use.

At a local level, and considering the background before
presented, it is important to identify the improvement
opportunities in the different sub-sectors in the Latvian food
industry. In this document, the fish sector is reviewed. A
literature review on this topicality is conducted upon the
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fishery sector to identify the state of the art on implementing
EEM., its derivate envirenmental issues, and if gaps exist.

II. LITERATURE REVEW

The cold chain plays a key role in reducing food waste and
ensuring food safety, which influences changes in the
emvironment, water, and land resources [9], [10].

Although the cold chain 1s an important tool to ensure food
safety and prologues shelf lfe, the low-temperature
requirements create an extra load in energy and refriperant
consumption. FSC activities also result in the consumption of
fuels for powering refrigeration units, vehicles, and facilities
along the supply chain all resulting in environmental impacts
that should be quantified if the overall performance is to be
evaluated.

A cold chamn inchudes, but is not limited to, cooling and
freezing foods and the later refrigeration; or the refngeration of
food after harvesting, transportation, storage, retail distribution,
and storage at household, aiming to preserve the quality, safety
and to extend the lifetime of the products for consumers [11].

A Main social and environmental aspects of the F5C
Although globalization improved the profitability of FSC
across borders. it also led to enlarged distances among the
supply chain partners. The prowth in the mternational food
trade and the imecrease in transportation distances set the
conditions for a larger environmental impact of the FSC.

Under international markets, the distance that the food
needs to travel to reach the end comsumers has mncreased the
use of resources, energy. and emissions in the food life cycle
throughout all the stages. There are initiatives focused to
inform consumers regarding the environmental burden of the
food and promoting more environmentally friendly supply
chains to reduce environmental and social impacts in different
areas of interest, from land use or global warming to problems
concerning food safety and losses [12].

1) Food losses and gquality degradation:

Food losses are costly, affects society, environment and m
terms of business can affect trade between actors and customer
confidence, yet food losses are almost imevitable as food
products have a limited lifetime and most goods are perishable.

Preventing safety issues in food is one of the most reliable
pathoways to prevent food loss and waste, and using
technological innovation and improvements is one of the top
measures to achieve it [13].

Food losses at the end of the supply chain like in the
household at the consumer, or retailers, are called food waste.
Consequently, food loss i1s the removal of any food and its
inedible parts from the supply chain at any stage for whatever
use, no matter if it is for recovery or disposal.

Regarding food waste, probably the best definition has been
stated i [14], which describes it as “the food that is
appropriate for human consumption but it is discarded either
before or after spoils, as a result from the negligence or a
conscious decision to throw it away” [15].

The wastage of food is a matter when it comes to the
situation of food security, sustamability, and climate change.
Wastage 1s a recumrent issue in any supply chain, but food
waste along the FSC 1s difficult to measure as it involves all
actors of the FSC, and the causes are vared [16]. It 15 a
consensus that this occurs pnncipally at the end of the supply
chain due to quality losses, reached the expiration date, or
damages during the stage [17], [18].

Some of the quality problems related to food products have
their root in relationship issues in the supply chain. A weak
supply chain relationship between actors, suppose to be an
important drving mfluence for suppliers to try to take
advantage of other partners in the supply chain, so every actor
needs to achieve a successful relationship to deliver a quality
product to the end consumer [19]. That is why supply chain
management has been arising as a discipline as it has been
demonstrated that working as a network and increasing
collaboration can deliver benefits, that individual approaches

cammot bong [207], [21].

2) Environmental issues:

The environmental concerns caused by the activities related
to FSC can be divided into direct and indirect impacts. Direct
immpacts come from resources and emissions consumed and
caused by activities within the system boundanies considered m
a supply chain. These resources are consequently linked to the
use of raw matenals, energy use, and other intermediate
products necessary for carrying the actions within the involved
processes.

On the other hand indirect impacts in the FS5C are
considered as these from food produced and not eaten (food
losses and waste). The impact 15 estimated at around 3.3 Gt
CO: eq in carbon footprint terms, representing the third source
of carbon emissions after the USA and China compared with
direct country emissions [14], [22].

Manufactured or harvested non-eaten food is estimated to
take up around 1.4 billion hectares of land, the equivalent of
almost a third part of the total agricultural area in the world
[14]. It has been also calculated that to emsure the 2050
population demand for food, its production needs to nise by
60%, but aveiding food waste would elininate the need for
such mcrease [14].

Environmental pressure has ansen to tackle a vanety of
sustainability concerns, mainly waste reduction and packaging
reusing [23]. Such sustainability comcerns should mmpact the
FSC at the environmental level and the society (to different
stakeholders) and influence the development of corporate
social responsibility programs [24].

B. TIhe fishery sector

Within the food sector, fisheries and aquaculture play an
important role as food sources. mourishment, and income
source of millions of pecple worldwide. In the last decade,
thanks to globalization and mnternatiomal trade, fishery and
aquaculture sub-sectors have become an essential player in the
economic expansion and development for many countries and
currently, it represents one of the preatest operating sections in
the food industry [25]. The fishing activities employ almost 37
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million people working directly worldwide, especially in less
developed countries where it constitutes a predominant part as
an income generator and food supplier [26].

In Latvia, fisheries have always played a crucial role in the
economy. The national fishery and fish production activities
are linked to traditions that have developed over time and still
are based on local fish found in the Baltic Sea and Gulf of Riga
[27]. By 2019, the fish production in Latvia accounted for
110200 tonnes of live weight [28], while the aquaculture sub-
sector was responsible for 6264 tonmes between fish and
crustaceans.

In economic terms, the fisheries sector has maintained a
positive trade balance, due to keeping the mmports amounts
under the exports consistently and with the exports growing
through time. While in 2003 the total production value from
the processing sector was worth € 134 million, in 2017 it was
reported as € 1509 million, and the total worth of exports was
€206 million, €40 millien more than imports [29] [30].

Most exported fish products and canned fish are
commercialized inside the European zone, representing 68 %o
of the Latvian exports in this sector. Inside the Eurepean Union
(EU), Denmark Lithmania, Poland, and Estomsa are the main
buyers. This way, ready-to-eat or preserved fish accounts for
the third part of Latvian exports to the EU [30].

Considering the relevance of the fishery sector in the EU
and Latvia, and its impact on energy consumption, the
bibliographic analysis presented in the next section focuses on
links between energy consumption and potemtial EEM, and
environmental impact evaluation across the fish supply chain.

0. METHODOLOGY

A bibliometric analysis was propesed to evaluate the state
of the art of research studies conducted on the environmental
impact evaluation of the fish product’s supply chamn in the
European context. The main goal is to analyze the potential
impact of implementing energy efficiency measures in the cold
supply chain of fish products.

The VOSviewer® software was utilized to create and
visualize the map. Scientific publication’s keywerds are used
to construct a network. In this work, the items displayed are
connected by co-occwrrence that is  gathered using
bibliographic database files taken, in this study, from the
Scopus database system.

The ttems displayed in a visualization map are the object of
interest, and between any pair of them links are created and
displayed. These links represent the relationship between the
items. A link between two keywords indicates a co-occurrence
in a source. Such links have a strength score that is given by a
positive numerical value, the higher the value, the stronger the
link. A link’s strength indicates the mumber of publications in
which two terms occur together (1Le., co-oecurrence). The tems
and their links, all together represent a network.

The bibliometric analysis was conducted by creating a
search string in Scopus considering the keywords: “cold
chain”, “environmental impact”, “energy efficiency”, and “fish
preducts”. However, only 7 papers have been published with

these keywords linked in the abstract or intentionally
mentioned by awthors in the keywords section. From these
papers, it can be noticed how none of them evaluates the
environmental mmpact of potential EEM implemented in FSC.
Nevertheless, some of them do assess the environmental
impact of cold chains or the environmental impact of new
technologies used in industrial fish production (see Table I).

TABIEL PAPERS MATCHING STREING

Paper Title Year Ref
Sustainability, energy budegeting, and life cycle | 2019 [31]
assessment of crop-dairy-fish-poultty mixed farming
system for coastal lowlands under the humid tropic
condition of India
Environmental assessment of the Peruvian industrial | 2013 [321
hake fishery with LCA
Life Cycle Assessment of 3 Commercisl-Scale | 2017 [33]
Freshwater Aquaponic System
A set of sustainability performance indicators for | 2013 [34]
seafood: Direct human comsumption products from
Peruvian  anchoveta fisheres and  freshovater
aguaculurs
Edible protein-enerzy retum on investment ratio (ep- | 2014 [35]
ER.OI) for Spanish seafood products
Life cycle assassment for environmentally sustainable | 2013 [34]
aquaculure management: A case smdy of combined

| aguaculiure systems for carp and tlapia

Cradle to the retsiler or quick-servics restaurant gare | 2013 37
life cycle assessment of chicken products in Australia

As seen in Table I, most of the studies using LCA er
sustainability analysis are performed on a single actor in the
FSC [37]. Moreover., these papers do not assess the
implementation of measures that may boost sustainability
compared with the cument scenarios, and the emvironmental
changes they could represent.

IV. RESULTS AND DISCUSSION

The keyword “energy efﬁciem‘].r" was replaced in the
searching string simply by “enmergy” while all other fields
remained the same to expand the possible results. By doing so,
79 articles matching the search string were found pubhshed in
the last decads. Using those 79 articles. the bibliographic
analysis was conducted in VOSviewsr®.

A quick look at the diagram (see Fig. 1) shows how the
most concurrent keywords found in the papers are “life cycle
assessment”, “life cycle analysis™, “environmental impact”,
“fish”, aquaculture”™ and other keywords mainly related to
impact categories and “sustainability”. This is determined by
the size of the characters displayed on the map. The more
prominent the characters, the higher the weight of the item
(keyword) is. In this case, the weight is grven by the number of
occurrences, meaning the mumber of publications the keyword
appears at.

An example is presented in Fig. 1, using the keyword
“environmental impact”. This keyword has a total of 53 links,
and 46 occwrences. Thus, the “environmental impact”
keyword has 53 different co-oceurrences with other keywords,
appearing in 46 different papers. Moreover. the total link
strength has a score of 441. The total link strength indicates the
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total amount of co-occurrences with any other keyword mn all
the papers.

ey
-
ansemeseus \gcrewseneem.
rmeenem m“*’ A
| ammes s
| c— -
% e

]

Fig. 1. Item analysis example.

The link strength example presented i Fig. 2. between
“environmental impact” and “aquaculture” keywords, has a
reported score of 21, meaning that this co-occurrence appears
in 21 different documents from the total amount that create the
network (79).

aquiiiture

environ | impact

Fig. 2. Link strength analysis.

After reviewing the strength of each keyword, valuated and
weighted depending on the number of co-occurrences. ten main
keywords were identified and presented in Table 2. The
analysis of these keywords allows us to recognize that although
the environmental impact in fish and aquaculture has been
covered 1n the last years, the full supply chain for fish products
linked with its impacts and EEM is not studied in detail.

TABLEIL TEN MAIN KEYWORDS BY WEIGHT (OCCURRENCES)
rd
i Links Total link strength | Occurrences

Life cycle 53 477 48
Environmental 53 441 46
impact

Life cycle | 53 445 46
Life cycle | 52 396 41

A (@ILCA)

Aquaculture 51 330 33
Fish 53 ER3 33
Life cycle analysis | 52 304 30
Eutrophication 51 289 27
Animals 48 186 16
Climate change 49 174 18

As 1t can be seen, most of the keywords are related to life
cycle assessment methodology and some specific
environmental categories such as climate change and
eutrophication, which is consistent with both: current concern
for global warming effects, and the impact of fisheries and
aquaculture 1n local communities and ecosystems.

However, no keyword related to energy efficiency
measures or evaluation appears in the list. Thus, it can be
inferred that not many studies evaluating the impact of EEM on
the environmental performance of fish supply chains are
available at the moment. This gap can be an incentive for
researchers to go into the topic of environmental and
sustamability evaluation of FSC (fish) where EEM are
undertaken to value the impact of such measures under a life
cycle thinking approach.

V. CONCLUSIONS

Identifying hotspots in the full supply chain of a product is
the first step in the process of achieving not only sustainability
but also carbon neutrality, the main goal to reach by 2050
according to the green deal.

Several studies exist to understand the environmental
impact of food supply chains, nevertheless, few have been
undertaken for cold supply chains in the fish sector.

There 1s also a gap in data that aids to identify potential
hotspots in FSCs, which can be seen as a stumbling block for
the actors in the food industry not only at the environmental but
also at the economic level, in the search for sustainability.

The results show there is a lack of studies on diagnosing the
potential benefits or setbacks of implementing energy
efficiency measures in actors across the food supply chains.

Considering this, the work here presented gains relevance,
at a scientific and practical level, as fish supply chains and their
related impact need to be understood fully to overcome the
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different obstacles m achieving sustamability i the European
industrial sector.
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ARTICLE INFO ABSTRACT
Keywords: The food industry consumes a significant amount of energy, and it is responsible for 20 to 30 percent of global
Cold supply chain greenhouse gas emissions, with cold supply chains absorbing about 70 percent of the energy expended in post-
Energy efficiency measures agriculture food systems. Despite this, some gaps remain in the sector when looking toward identifying energy
:“':Ld: o " ption hotspots and eval g the impact of energy efficiency measures across the entire supply chain.
Silaatsaan walttadaa This study impl 1 Life Cycle A and a Life Cycle Cost analysis to assess a Latvian
ﬁsh mld supply dlam and implement two energy efficiency measures in different smges Specifically, a fish waste
via bic digestion p and a scenario impl g a ph ltaic system, are
idered. Both gies proved ically fi le and delivered envi | benefits at different levels
than the defined baseline scenario. The energy production from fish waste sh d the best luati
P with an i | rate of return of 14.4 percent.
1. Introduction vealed a potential primary energy reduction of 26% in the EU food
and beverage seclor if all ledmlcally possible and practicable energy-
In recent decades instr 1 logical obser identi- saving options are impl gardless of their ec viability.

fied the most rapid changes in climatic parameters in history. As a re-
sult, temperatures in the 21st century are predicted to rise faster than

(Chan and Kantamaneni, 2015). However, energy audits only provide

a snapshot of the current state because they do not account for the re-

quired expenditures and their potential contribution to the long-term
inability of whole supply chains.

before in the event of all d gr gas emissi (GHG) sce-
narios (Rogelj, 2018). This trend will affect society and busi-
nesses and ec ic sectors. G ly, gover are adopting

measures to enhance their capacity to adapt and contribute to climate
change mitigation and its repercussions” inability within the scope
of the Paris Agreement. (United Nations, 2015).

In the European Union (EU), GHG related to agricultural processes
increased from 9.9% in 1990 to 10.3% by 2019, despite the actual emis-
sions falling 20.9% in that period (Eurostat, 2021). The food industry
and food supply chains (FSC) are responsible for 20-30% of GHG emis-
sions worldwide (Santonja et al., 2019) due to the significant resources
needed for food production, foodstuff supply chain, and food waste
(Mena et al., 2011). It is estimated that 88-100 million tons of food
are wasted each year, with an associated economic impact appraised at
143 billion Euros in 2012 (Stenmarck et al., 2016), which makes food
waste a fundamental concern within the food industry.

Actors along the FSC are working on improving their energy con-
sumption by refining their energy efficiency towards sustainability. En-
ergy audits according to Art. 8 of the EU Energy Efficiency Direc-
tive (2012), EC 2012/27/EU (2012), European Parliament (2018) re-

* Corresponding author.
E-mail address: fabian-andres.diaz-sanchez@rtu.lv (F. Diaz).

https://doi.org/10.1016/}.fufo.2022.100203

The main barriers to carrying out potential energy efficiency mea-
sures (EEM) are low financing, lack of awareness, lack of knowledge,
and unsuitable indicators and tools that damper the efforts to select the
best cost-effective measures (Thollander and Palm, 2013a; Cagno and
Trianni, 2014). Moreover, according to (Thollander and Palm, 2013b;
Cagno and Trianni, 2014), the effects of various EEMs depend on the
industry sector and the actor adopting them. Consequently, EEM must
be tailored to the unique situation and environment.

Population growth has increased the demand for fresh food, necessi-
tating more creativity and technology to overcome capacity and infras-
tructure limitati These el would help reduce potential haz-
ards (e.g., supply chain disruptions and lack of resources) and improve
customer food quality. (FAO, 2013; Zhao et al., 2018a). In this context,
despite its higher energy consumption in the FSC, the cold chain is one
of the technological methods that help achieve this objective.

However, cold chains' main drawback is their energy intensity. Al-
most 70% of the total energy used in food systems occurs in post-
agriculture processes, including transport, processing, packaging, stor-
age, and distribution to retailers. (Han et al., 2021). Thus, providing
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a comprehensive vet consistent set of evaluation tools is vital for a
successful and effective decision-making process regarding energy effi-
clency initiatives, both financially and environmentally. Furthermore,
consumers need clean, safe, nutritious, and ecologically responsible
products (Leandro et al., 2021).

In the food and beverage industry, the cold supply chain (CSC) plays
a crucial role in ensuring the quality and safety of food products. How-
ever, direct and indirect emissions negatively influence the environment
due to the increased need for refrigeration. (FAO, 2013; Zhao et al.,
2018b; Wan, 2011). To reduce energy consumption in food CSC, stake-
holders must comprehend and identify energy-intensive phases to im-
plement the most effective methods. This analysis demands a holistic
strategy that avoids transferring the burden amongst supply chain ac-
tors and determines the appropriate systemic adjustments (Musa et al.,
2014), consistent with the proposed Sustainable Development Goals
(United Natons, 2019).

FSCs are complex and dynamic systems due to the various interven-
ing actors, fluctuating environmental circumstances, and transit product
types, necessitating customized study. Fishing is a substantial source of
revenue and food in developing countries, where it employs 37 million
people directly. (FAO, 2016), (Proskina et al., 201 8). By 2019, the EU re-
ported 75 thousand vessels in operation only in Europe (Eurostat, 2021),
making the EU the fifth major fish producer globally, with almost 3.2%
of global production derived from fisheries with 80% of the share,
and aquaculture with 20% of share production (European Commis-
sion, 2016).

Under the EU Green Deal plan, the EU Circular Economy Strategy
aims to optimize energy efficiency in the fish and seafood industry (Huiz-
Salmdn et al., 2021) from a supply chain perspective. This comprehen-
sive viewpoint is vital for promoting, on the one hand, a more consistent
data collection and, on the other, better control of fishing activities and
downstream conversion and manufacturing processes. Moreover, this
change should improve the efficiency of decision-making processes, ad-
just products to consumer demand, and boost the system’s circularity
(e.g., reduce waste or improve recycling).

The Life Cycle Assessment (LCA) and life cyele costs (LCC) meth-
ods can provide a quantitative background to assess measures intended
to enhance the energy efficiency, among others. LCA and LCC are rec-
ognized as consistent scientific tools for environmental and economic
impact assessments. During the last decade, many LCA-based studies
have been published (Vizquez-Rowe and Benetto, 2014; Ziegler, 2016;
Ruiz-Salmdn et al., 2021) focused on different fish or seafood products,
either frozen or chilled. From an LCA standpoint, these evaluation stud-
ies identified significant gaps and deficiencies in the overall CSC of fish
and seafood products, First, there is a lack of comprehension of the ef-
fects induced by fishing activities, except for those that pose biologi-
cal problems. Second, there is a quantification of the principal driver
of the environmental impact covered in LCA (such as fuels and logis-
tics). Still, the analysis does not consider significant system boundaries
(i.e., Cradle-to-grave or Cradle-to-cradle). In addition, we observed a
deficiency in LCA studies integrating fish and seafood with economic
enablers to comprehend their financial implications.

As a member of the EU, Latvia receives financial support and aid
from other financial instruments to implement the Common Fisheries
Policy (European Commission, 2016; Proskina et al, 2018), which pri-
marily focuses on EU-set priorities but is tailored to each member state’s
sector. (Biuksane and Judnipa, 2016). By 2019, fish production in Latvia
accounted for 110,200 tons of live weight, while the aguaculture sub-
sector was responsible for 626.4 tons between fish and crustaceans
(Institute of Food Safety et al., 2019). Among the most prevalent types of
fish goods in Latvia, frozen, salted, smoked products, preserves, ready-
to-eat products, and sanitized canned fish are the most prevalent. Lat-
vian fish processors rely primarily on sea species, accounting for a mi-
niscule proportion of freshwater species. (OECD, 2021).

The CSC's downstream processes play a erucial role in the Latvian
fish industry activities (Proskina et al., 2018). Evaluating the required
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refrigeration processes and fish quality to understand how sustainably
the EU strategies and EEM solutions could be implemented is essential.
In addition, a comprehensive perspective should be taken, focusing on
the three key pillars of sustainability. This work implements a holistic re-
view of the impacts on the Latvian fish supply chain to complement tech-
nical evaluations of the cross-sectoral nation assessment (Proskina et al.,
201 8), considering the sectors’ relevance to the Latvian economy.

In this perspective, in this study, methods for assessing the envi-
ronmental and economic impact of EEMs are used to identify potential
threshaolds, trade-offs, or bottlenecks of CSC of fish products with a par-
ticular emphasis on the Latvian context. This study employs LCA and
LCC methodologies to evaluate a baseline scenario for chilled Latvian
cod and investigate the implementation of two energy measures along
the CSC. Its results would assist supply chain managers in making more
prudent investment and environmental decisions. (Diaz et al., 2022).
The study also emphasizes the significance of analyzing each stage of
the CSC for fish-based goods, identifying environmental and economic
“hot spots™ for specific environmental impact categories or economic
indicators.

2. Materials and methods
2.1, Life Cycle Assessnent (LCA)

This study uses the LCA methodology as a standardized procedure
able to assess the environmental impacts of the proposed product sys-
tem, including the specific unit processes in a gate-to-gate approach fol-
lowing the 150 14,044:2006 Standards (150, 2006). In this work, we
use an attributional LCA to evaluate a product’s ecological implications
rather than to understand its effect on background systems and market
constraints. We use the IMPACT 20024 method (Jolliet et al., 2003)
to perform the environmental profiling of the proposed model. This
method has the advantage of delivering results both at mid-point impact
categories - as recommended by the 150 Standards 14,044 (150, 2006)
- and at end-points categories (damage categories), which “are an indi-
cator of quality changes in the environment” (Jolliet et al., 2003). This
method was preferred to other end-point methods because it provides
Climate Change as a standing-alone damage category, which was con-
sidered a relevant aspect for the target groups addressed in this study.

SimaPro 9.1  software  developed by Pré  Consultants
(Goedkoop, 2016) and Ecoinvent 3.6 (Wernet et al, 2016) sup-
ported the data processing for creating the LCA model and evaluating
the overall environmental impact using the IMPACT 2002+ method
{Humbert, 2002).

2.2, Supply chain description: o baseling scenario

The proposed baseline scenario considers a business-as-usual case for
a CSC within the Latvian context, assuming Codfish as a resource further
exported to other countries in the European Economic Area. A literature
review supported the definition of the hypothetical baseline scenario
primarily based on LCAs studies of fish products within the European
context (Claussen et al., 2011; Hognes et al,, 2011; Hoang et al., 2016;
Maiolo et al., 2020).

For the CSC under evaluation, the port of arrival for fishing ves-
sels has been assumed at Ventspils, as it is one of Latvia's most promi-
nent and well-known for its traditional fishing activities. In addition, we
adopt that in Ventspils, a local processor is responsible for the process-
ing activities necessary to produce packaged filleted cod. According to
the waste management scenario from the Ecoinvent database, fish waste
in the baseline seenario is considered to be processed as slaughterhouse
waste for tallow manufacturing (Wernet et al, 2016), and no wastes
occur from this point downstream in the supply chain.

Expanded polystyrene (EPS) boxes with a capacity of 26 kg per box
are used as packing material. The total distance traveled is calculated
using available road data from open sources such as Google Maps®,
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Fig. 1. Cold supply chain system boundaries.

and a truck to match the intended payload (23,400 kg) is selected (= 16
tons).

The environmental condition for transporting the fish is -2 °C when
assuming a superchilled cooling technology (< 0 "C) and 42 °C for
chilled conditions. The diesel consumption for the auxiliary unit was
caleulated at 3.0 kgs/h. The assumed refrigerant is R-134a, with an an-
nual precharge of 6.5 kg and a leakage of 10% per year. The SimaPro
software® was used to simulate the model creating the foreground sys-
tem and taking the background processes from the Ecoinvent database
3.6 (Wemet et al., 2016).

2.3. LCA goal and scope

This study employs current conditions and technologies for supply
chain operations and examines the relevant and actual flows of materi-
als and energy within the product system, extending the boundary for
assessing the impacts and advantages of the selected EEMs. The selected
Functional Unit (FU) is 1.0264 kg of final product placed on the shelves
at the retailer stage. This FU accounts for a 1.0 kg cod fish fillet and
0.0264 kg packaging material.

The system boundaries, specifically for the product system under
evaluation, are presented in Fig. 1. This work uses a cradle-to-gate ap-
proach without considering the use stage for the food product. The deci-
sion relies on although the phase related to the storage and consumption
of food in households is of high importance for evaluating food losses
and quality degradation, too many variables can affect the overall envi-
ronmental performance of such a stage. Moreover, EEMs are challenging
to implement in the household stage from an FSC managerial standpoint.
The fishing activity (including transport to shore) is also excluded from
the study. Although it may deliver a high environmental impact on the
whole system, EEMs are considered only for foreground processes.

2.4 Life cycle inventory

Processing: The processing phase consists of two primary steps: (i)
processing and packaging and (ii) storage before transport. The pro-
cessing consists of fish gutting, head removal, bone removal, and fillet-
ing, leaving 0.74 kg of fish waste that can be used as a feedstock for
side-streams valorization processes (Hoang et al., 2016). This study im-
plies that fish filleting, beheading, and gutting are performed manually.
The energy expenditure for superchilled products is linked to the con-
tact blast chiller (CBC), which should guarantee a temperature of -2 oo

thanks to the ice formed within and across the fish fillet (Hoang et al.,
2016).

This work uses data presented in Table 1 from Hognes et al. (2011),
Hoang et al. (2016) for specific calculations and assumptions in the fore-
ground system. The electricity for storage was assumed as 1.2 kl/kg of
fillet for a total storage time of 24 h (Brown, 2014), and the energy ex-
penditure for the CBC was 72 kl/kg of fish fillet to effectively bring the
temperature down to —2 °C (Hoang et al_| 2016).

Transport to the distribution center: This phase assesses the transit of
cod fillets from Ventspils, Latvia, to Warsaw, Poland, where the primary
warehouse is located. Foland has been selected as the final market for
the modeled product as one of the most frequent destinations for Latvian
fish products.

The payload was settled according to Hoang et al. (2016), where
23,400 kg of fish fillet (without considering the box's weight) was trans-
ported in a 28 tons lorry. After leaving the producer facilities, the cod
fillets are transported across 845 km until reaching Warsaw.

Using available data (Sharifzadeh et al., 2015), an average speed of
60 kms per hour was utilized to caleulate the time required to reach
Warsaw without stopping (14.1 h). The background process selected
from the Ecoinvent database accounts for the vehicle's fuel consump-
tion, combustion, and other pollutants, such as those caused by worn
tires and the vehicle's manufacture.

Due to the size of the lorry, an auxiliary diesel refrigeration unit is
assumed to be mounted in the cargo area to fulfill the cold necessities.
Considering the values in Tassou et al. (2012), and by interpolation, to
a temperature of —20 C, the diesel consumption (only for refrigeration)
was estimated at 2.5 L/h. With a diesel density of 0.832 kg/L, mass
consumption of 2.08 kg/h is used, which turns out in 0.001252 kg per
FU after normalization.

Storage at distribution center: Once the fish have reached the dis-
tribution center, the product is stored for 24 h under similar cold store
conditions as in the previous storage activity. (Hoang et al_, 2016). From
this point down the supply chain, it is assumed the transport and storage
conditions eecur at +2° €, corresponding to typical chilled food products
(Claussen et al., 2011; Hoang et al., 2016).

Transport to the retailer: The cod fillets are transported by a 7.5-ton
lorry for 2.9 h (173 km) from Warsaw to Lublin at +2 °C. The diesel
consumption and refrigerant leakage are calculated accordingly.

Storage at the retailer: In this study, it is anticipated that Cod fillets
are displayed for an average of seven days in open-fronted, multi-deck
cabinets, a piece of equipment for chilled goods that typically operates at
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Tahble 1
Normalized data for the processing stage.
Material Value Undn Ecoinvent Ref. (APOS)
Processing
Inflows:
Whale fish (cod) L7 ky -
Packaging material (EPS) 00264 kg Polystyrene production RER
Electricity for CBC 72 kI Electricity, medium voltage, LV
Electricity for storage 1.2 kI
Dutpues:
Fish waste 0.74 kg Slaughterhouse waste, market
Fish fiilet produce 10264 ky =
Transport to Distribution Center
Transport 0867 tkm Lorry 16=32 ton EURO 5, RER.
Diese] consumption 0001252 kg Diesel, burned in electric generating st
[refrigeration unit)
Refrigerant 1.56E-7 kg Operation, reefer, cooling, R134a
Storage at Distribution Center
Electricity for storage 1.2 kI Electrivity, medium voltage, PL
Transport to Retailer
Transport 0178 tkm Lorry 16=32 ton EURO 5, RER.
Diiese] consumption 0000256 kg Diese], burned in electric generating st
[refrigeration unit)
Refrigerant 32368 kg Operation, reefer, cooling, R134a
Storage at Retailer
Electricity for storage 0046 kwh Electrivity, medium voltage, PL

5 °C. According to Hoang et al. (2016), this type of cabinet has an energy
consumption of 10.4 kWh/m?® per day, considering a display area of 5
m? and a total volume capacity of 5 m*.

Approximately 65% of the gross capacity is operational, but only
504 is packed with food items. (Hoang et al., 2016). A density of
500 kg/m® of packed cod fillets is assumed, resulting in a total of
8125 kg stored per cabinet. This results in total energy consumption
of 36.4 kWh per cabinet with a net capacity of B12.5 kg cod fillets. The
resulting normalized energy consumption is 0,046 kWh per FU.

2.5. Scenarios with energy efficiency measures

Two energy efficiency measures are investigated based on circular
economy and industrial symbiosis. The first scenario (EEM-1) models
anaerobic digestion in conjunction with a heat and power cogeneration
plant, while the second scenario models a photovoltaic plant erected at
the retailing facility with the capacity to supply 20% of the electricity
usage (EEM-2).

2.5.1. Waste-to-Energy (EEM-1)

The European Commission has raised its interest in food waste val-
orization primarily through recycling secondary raw materials and re-
covering and reusing biomass according to the pyramid of value as a
society must minimize food waste to transition to a circular economy
(Commission, 2011; McDowall et al., 2017). Different assessment tools,
e.g., Life Cycle Assessment and Life Cycle Cost, can be essential for cal-
culating the intended technological routes’ environmental and economic
feasibility (Di Maria, Eyckmans and Van Acker, 2018; Zhang et al,,
2020).

There are currently two main technological processes for food waste
valorization in Europe: composting and biogas production (Fieschi and
Pretato, 2018a). However, individual studies are conducted depend-
ing on the food typology for industrial symbiosis expansion, allowing
a large share of food waste to go into sidestream valorization pathways
(Yasin et al., 2013; Fieschi and Pretato, 2018b; Mahmood et al., 2019).

In the alternative scenario EEM-1, a fish waste valorization is pro-
posed by transforming fish wastes at the processing stage into bio-
gas via anaerobic digestion (AD). Biogas is further used in a cogen-
eration of heat and power (CHP) unit, a widely used technology in

Latvia (Central Statistical Bureau of Latvia, 2019). According to the data
presented by (Greggio et al, 2018), a biomethane production of 361
Nm’fmm {i.e., VS = volatile solids) can be achieved when fish wastes
are co-digested with other substances, such as manure residues in a 1:1
ratio. This feedstock composition found an 84% higher vield than the
AD of fish wastes alone (Vivekanand et al., 2018). Also, the percentage
of biomethane in the biogas obtained after AD was 75% (Greggio et al.,
2018), which can be considered a high biogas concentration. We can
confidently conclude that the total energy production per kilogram of
fish fillet delivered at the supermarket (defined as FU in this work) can
reach values of 0.615 kWh/FU. A 160 kW CHP plant is included as an
input in the processing stage to model the construction stage of such
infrastructure, consistent with small-medium fish processors. The resul-
tant thermal and electrical output was recorded as an “avoided product”
(PRe Consultants, 2008), replacing traditional heat and power genera-
tion for the national electric grid and district heating systems.

2.5.2. Electricity production from a PV system (EEM-2)

The second alternative scenario (hereafter referred to as EEM-2) eval-
uates a photovoltaic (FV) system installed at the retailer stage of the
modeled supply chain. This analysis assumes that the system's installed
capacity would supply 20% of the supermarket’s electricity needs.

In the EMM-2, a value of 0.0358 kWh of electricity is established,
considering the PV system supplies 0.0092 kWh,providing the necessary
power for seven days of storing the fish product. To caleulate the energy
potential, a 3 kW peak PV system positioned in an integrated building
assembly was evaluated (due to limitations in the Ecoinvent database,
this is the smallest available PV system). For such calculations, the Eu-
ropean Commission’s web-based tool was employed (European Com-
mission, 2020), and the corresponding data are provided in Annex 1.
The analyses were performed considering the supermarket’s location in
Lublin (Poland).

2.6. Life cycle cost (LCC)

The Life Cycle Cost section was created utilizing a conventional LCC
(C-LCC) evaluation to analyze the various EMMs conducted compared to
the baseline scenario. C-LCC is the method used to analyze the life cycle
cost of an individual actor in the supply chain. This evaluation focuses
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on actual and internal expenses, ignoring end-of-life costs, which other
parties typically bear during a product’s life cycle. This is the standard
strategy manufacturers and customers take for conventional economic
analysis. The C-LCC can be conducted without an LCA because their
outeomes and methodologies are not linked. (Hunkeler et al., 2008).

2.7, LOC considerations

2.7.1. EEM-1

Typically, for biomass technologies, the share of the feedstock cost
in the total Levelized Cost of Electricity (LCOE) ranges between 20%
and 50% (International Renewable Energy Agency, 2020). In this sce-
nario, the two feedstocks (i.e., fish waste and pig manure) are coming
as wastes from other industrial processes, thus considered environmen-
tally and costly, burden-free. Transport costs to the anaerobic digestion
site are not included in this scenario. It is assumed that the bioreactors
are placed near the fish processing plant.

This study takes the total installed costs for the proposed scenario
from the latest IRENA Costs report (International Renewable Energy
Agency, 2020). An average weighted capital cost of 3435 €/kW was as-
sumed in this study, with a capacity factor of 90%, which corresponds
to the average CHP plants in Europe for 2019 (International Renew-
able Energy Agency, 2020). A facility with a total installed capacity of
160 kW was assumed, in line with the proposed LCA. A 25-year lifespan
was predicted, with a capaeity factor of 7512 h/year and annual energy
output of 1202 MWh.

The assumed fixed Operations and Maintenance (O&M) costs consist
of labor, insurance, planned maintenance, and expected replacement of
plant elements, such as boilers, gasifiers, feedstock handling equipment,
and other parts. O&M costs account for a range between 2% and 6% of
the total installed costs per year; this study assumed a value of 4%,

Variable OBM costs have an average value of 0.0043 €/kWh and
are considered low for bioenergy power plants compared to fixed O&M
costs (International Renewable Energy Agency, 2020). The maintenance
costs (replacement of parts and additional repairing costs) are the main
elements of variable O&M costs, and non-blomass fuel costs, such as
disposal of ashes, are also included.

Regarding the financial conditions, the OECD recommends an ex-
pected rate of return of 7.5% for utility-scale projects (International Re-
newable Energy Agency, 2020). The average inflation for the last five
years in Latvia was used (1.7%) for calculating the Weighted Aver-
age Cost of Capital (WACC) (Statista, 2021). We assumed an equity
share of 30% and an interest rate of 5% for the loan. Finally, the elec-
tricity price was set at 0.1423 €/kWh (Statista, 2021), while the av-
erage thermal energy price in Latvia was 52.38 €/MWh (Baltic News
Network, 2020).

272 EEM-2

This work adopts a total installed cost of 865 EUR/KW, equiv-
alent to the global weighted average total installed cost in 2019
(International Renewable Energy Agency, 2020). Given that these prices
are for commercial PV systems with capacities of up to 500 kW, a to-
tal installed capacity of 300 kWp is assumed, which corresponds to a
middling capacity for the retail sector (IRENA, 2018).

Nowadays, O&M costs can represent up to 20-25% of the LCOE
within the EU context (IRENA, 2018). Average utility-scale O&M costs
in Europe are B.7 €/kW per year (International Renewable Energy
Agency, 2020). In this scenario, we make the following assumptions: an
LCOE of 0.105 €/kWh (International Renewable Energy Agency, 2020)
and a total annual energy production of 307,802 kWh (European Com-
mission, 2020). For the economic evaluation of the EEM-2, an electricity
price of 0.14 EUR/kWh was used, applying the latest data available for
electricity prices in Poland (Statista, 2021).

The financial structure was built on inflation statistics from Poland
and basic economic models. The OECD-recommended rate of return
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Fig. 2. Single score results for the baseline scenario.

of 7.5 percent was utilized in addition to a subsidy of 0L05 euros per
kilowatt-hour produced, which given the government incentives for
adopting Renewable Energy Sources, can be deemed standard.

3. Results and discussion

The LCA results at midpoint categories disaggregated by unit pro-
cesses are presented in Annex 2, Fig. 2 illustrates the resules at the end-
point category level in an ecological score (ie., Pt as average impact
per EU person per year). The identified hotspots are the storage at the
supermarket/retailer, the processing stage, and the transport under su-
perchilled conditions, especially in the areas of the use of resources, hu-
man health, and climate change. The sub-activities or flows with most
of the environmental burden within these processes 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.
Compared with other steps in the CSC, the low impact delivered by the
transport to the retailer (also known as food miles) is in line with the
diseussion summarized in (Coley et al., 2013).

From an overall environmental perspective, waste valorization from
the processing stage could represent an opportunity to decrease the to-
tal burden of the CSC. Implementing renewable energy technologies and
interventions on electricity consumption should provide economic ben-
efits at the supermarket. The alternative scenarios, defined as EEM-1 and
EEM-2, focus on these aspects.

3.1. Life cycle impact assessments of EEMs

3.1.1. Energy recovery from biowaste (EEM-1)

Comparing the performance of the two proposed scenarios reveals
that implementing EEM-1 mitigates the environmental impact of the
processing stage. Fig. 3a shows the stacked impact results for each sce-
nario in the different damage categories. In contrast, Fig. 3b displays
the impacts per process/material in the baseline compared with the ag-
gregated effects of inputs in the EEM-1.

Compared to the baseline scenario, where the fish waste treatment
accounts for over 95% of all the ecological toll in the processing stage
(see Fig. 3b), the analyzed EEM-1 provides environmental benefits
and fully compensates for the ecological loads of other processes (see
Fig. 3c). Implementing the EEM-1 can potentially create avoided im-
pacts on climate change and human health while drastically reducing
effects on ecosystem quality and resource use.

3.1.2. Electricity production from a PV system (EEM-2)

The weighted results for the entire CSC indicate that a PV system
integrated into the store and supplying 20% of the total energy require-
ment would result in an environmental score of 58.06 Pt at the retailer
stage. Fig. 4 shows the single score results for all three scenarios eval-
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Fig. 4. Single score comparison results for the three supply chain scenarios.

Table 2

Single score results for all three CSC scenarios.
Damage category  Unit  Total Baseline  Total EEM-1  Total EEM-2
Total uPt 201.62 132.46 187.93
Human health wPt 5592 34.19 52.38
Ecosystem quality —pPt  21.03 20.24 19.68
Climate change WPt 56.36 34.40 52.17
Resources wPt 6832 43.63 63.70

uated, with the baseline scenario having the highest impact, followed

by the scenario where the EEM-2 is impl d. In the reviewed con-

text, the commissioning of the EEM-1 has the most significant potential

to reduce the total environmental outcome caused by the fish supply

chain.

Table 2 shows the detailed environmental profile based on the total
lized and weighted sum of each damage category according to the

IMPACT 2002+ method. While the EEM-2 would result in a total saving

of 13.7 uPt (6.8%), the EEM-1 could potentially reduce the impacts by
69.2 Pt (34.3%) in this CSC.

3.2. Sensitivity analysis for the LCA study

This work performs a sensitivity analysis to determine the impact of
changes in specific input parameters compared to the main study out-
put as a single score result. The two chosen parameters are the transport
distance from the processing plant to the central warehouse and the en-
ergy consumption at the processor unit process, as they were identified
as the ones impacting the most the overall environmental performance.
These variables were selected considering their impact on the baseline
scenario (see Fig. 2). The transport to the distribution center is respon-
sible for more than 25% of the total mark. In comparison, the energy
consumption at the processing stage does not appear under the cut-off
criteria of 5%. Hence, this sensitivity analysis also works as a consis-
tency check.

The scenarios considered for the sensitivity analysis are the decrease
and increase of 5, 15, 30, and 50 percent in each selected parameter. The
highest and lowest single score is obtained when the transport distance
increases and decreases by 509 (see Fig. 5). The relative change in the
output is calculated as follows:

Ug = U, Sg=5
( 0 I)x Iu)+(0 I)
Lo So

&= x 100

where:c, = Relative change, v, = variable input at the baseline scenario,
v, = variable input under the new scenario, s, = model score at the
baseline scenario, and s; = model score under the new scenario.

The relative change in single score results is not significant when the
energy consumption at the processor is considered. Despite differences
of up to 50%, less than 1% of the change in the total output occurs.
On the contrary, the modeled CSC is more sensitive to fluctuations in
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Table 3

Economic indicator comparison.
Economic indicater EEM 1 EEM 2
NPV £ 520,786 € 65,601
IRR 14.38% 0.92%
PI 195 125

the transport distance, with differences of up to 15% in the total output
when this influencing factor increases or decreases by 50%.

These results show that the current C3C under evaluation is
mainly sensitive to changes in the distance between the processor
and the distribution center rather than the processor’s energy con-
sumption. Moreover, this analysis sugeests the consistency of the
maoxdel.

3.3, Life cycle cost

The results for the proposed LOC are summarized in Table 3, indicat-
ing the profitability of the EEM-1 in a 25-year lifespan. The Return on
the Investment (ROI) occurs in year ten under the assumed financial con-
ditions. Although EEM-2 shows economic feasibility, the Internal Rate
of Return (IRR) is barely higher than the calculated weighted average
cost of capital of 6.4%, the profit index (PI) is higher than 1.0, and the
project also shows a positive Net Present Value (NPV).

Table 3 offers a comparison of results for all three economic
indicators. Though both options show economic feasibility poten-
tial, the EEM-1 would be the most attractive option for an investor
from the NPV perspective. The IRR and Pl also support the previous
statemnent.

As a lower emissions alternative to natural gas and a means to mini-
mize dependence on imported fossil fuels, technological pathways lead-
ing to biogas for energy generation should garner more significant inter-
est in Latvia and other European nations in light of recent world devel-
apments. Rapid replacement of natural gas for heating purposes is es-
sential for Latvia to attain energy independence and cut utility bills for
its population. Resules in Table 3 demonstrate the viability of such ini-
tiatives, which may become more attractive in light of Europe's present
energy crisis.

4. Conclusions
Few studies have been undertaken to understand the environmen-

tal impact of food supply chains in Latvia, and even fewer for CSC
in the fish sub-sector. There exists a gap in data that aids in identify-
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ing potential hotspots in the supply chain that might help to take ac-
tiongs where they matter the most at the environmental and economic
levels.

The present study evaluates the impact of cod fish's CSC in the Lat-
vian context from an environmental (i.e., LCA) and economic (ie., C-
LCA) perspective reducing the identified gap. The impact of EEMs po-
tentially enhancing the product’s overall environmental performance
was investigated. The results showed that thermal and electric energy
production obtained from the anaerobic co-digestion of wastes (EEM-
1) is the better of the two options evaluated. According to the resules,
the total environmental impact on Latvian fish supply chains could
be reduced by applying customized EEMs. However, the infrastructure
needed to achieve the intended results could be a downside of the
EEM. For example, a larger CHP plant capacity may have more signif-
icant environmental effects while having lower marginal costs. Sensi-
tivity analyses are essential to understand those factors in a C5C with
the highest potential to affect a product’s environmental performance
negatively.

When comparing the two potential EEMs economically, the EEM-1
shows more attractive results than the EEM-2. All economic indicators
evaluated, NPV, IRR, and PI, show higher values for the EEM-1, con-
sidering in both cases their foreseeable lifespan. Nevertheless, future
researchers should assess aspects such as the biogas upgrade and trans-
port of other feedstocks from environmental and economic perspectives.
Including other EEMs in evaluating CSC's economic and environmental
performance is also recommended, depending on each case.

The results show how end-point categories score using LCA and the
evaluation of economic indicators using a C-LCC assessment can be help-
ful for supply chain managers and single actors in the food supply chain.
More research evaluating pertinent C5C and cutting-edge cooling tech-
nologies is required to grasp the potential advantages energy efficiency
measures can achieve,

In the future, it is proposed to conduct cost-comparison research to
evaluate the waste-to-energy potential of organic waste from the fish
sector in light of the changing energy pricing scenario in Europe. It is
necessary to aid decision-makers in examining hypotheses concerning
the opportunity costs of constructing new energy plants utilizing low-
cost fuels, such as industrial wastes,

The environmental burden caused by quality product losses is a
topic to be investigated, along with a more in-depth study of fish
product losses at the industrial, retail, and residential levels. This rec-
ommendation should be the guiding principle and advice for further
research.
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Annex 1. Estimated results of solar electricity generation (EEM-2)

LRI
g

Annex 2. Mid-point category indicator results for the baseline

scenario
Impact category Unit Processing Transport to Dist. Distribution Center Transport to Retailer  Retailer
Center

Carcinogens kg C;H,Cl eq 4.8E-03 8.6E-04 1.4E-06 1.8E-04 1.8E-03
Non-carcinogens kg C,H5Cl eg 3.2E-03 3.1E03 1.7E-06 6.AE-D4 2.3E-03
respiratory inorganics kg pm2.5 eq 1.5e-04 1.46-04 1.3e07 2.9¢05 1.8e.04
ionizing radiation bgeldeq 0.91 117 0.00 0.24 2.66
Ozone layer depletion kg CFC-11 eq 9.9E.09 2.7E-08 2.4E-11 5.6E-00 3.3E-08
Respiratory organics kg C,H, eq 1L.1E-04 7.3E-05 4.2E.08 1.5E05 5.7E-05
Aquatic ecotoxicity kg TEG water 14.33 15.75 0.02 323 23.41
Terrestrial ecotoxicity kg TEG soil 3.86 11.54 0.00 236 5.51
Terrestrial acid/nutri kg SO, eq 2.3E-03 3.1E-03 2.9E-06 6.4E-04 4.0E-03
Land occupation mPorg.arable 1.6E-02 1.7E-02 3.5E-05 3.4E-03 4.8E-02
Aquatic acidification kg SO, &g 6.8E:04 5.8E-04 8.4E-07 1.2E04 1.1E-03
Aquatic eutrophication kg PO, P-lim 2.1E-05 1.4E-05 1.2E-08 2.8E-06 1.7E:05
Global warming kg €O, eq 017 0.15 0.00 0.03 0.21
Nonerenewable energy MJ primary 3.90 238 0.00 0.49 3.60
Mineral extraction MJ surplus 4.7E-03 1.6E.03 1.1E-06 3.3E-04 1.4E.03
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Abstract — Cold supply chains of food and beverage sectors represent one of the main drivers
of the EU total final energy consumption. Within this context, food quality losses, changes in
temperature regimes, energy use, environmental burdens, and the economic viability of
energy efficiency measures are essential aspects to consider for improving cold supply chains’
overall sustainability. This paper presents a dedicated toolbox, developed within the Horizon
2020 project ICCEE, for supporting decision-making and actors to assess energy efficiency
path within a specific type of food cold-supply (i.e., meat, fish, milk and cheese products,
fruits, and vegetables). More in specific the toolbox offers support for decision-makers to
understand and minimize the specific energy consumption, to decrease the overall
environmental impact even including non-energy benefit evaluation many times
underestimated. The six separated tools merged within a unique toolbox consider different
methodological approaches such as: assessment of the whole energy requirements in stock
and flows considering the storage impact, the logistics and quality losses over time,
implementation of Life Cycle Assessment and Life Cycle costs within the environmental and
financial assessment of energy efficiency measures, based on a benchmarking approach.
Finally, a specific approach implementing Multi Criteria Analysis was developed on selected
key performance indicators such as specific and cumulated energy consumptions, guality
losses and environmental burdens (i.e., global warming potential and water scarcity).
The latest version of the ICCEE toolbox is available as free downloadable package on the
ICCEE website.
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1. INTRODUCTION

Worldwide food production accounts for 80 % of deforestation worldwide, and 1t 1s
responsible for 29 % of Greenhouse Gases (GHG) emissions and almost 70 % of freshwater
use [1]. [2]. The influence of Food Supply Chains (F5C) extends beyond environmental and
economic issues, delivering impacts on social topics such as health and safety, wages,
working hours, child work, gender equality, animal well-being, food safety, and traceability
among others [2]-[4].

It has been estimated by the Food and Agriculture Orgamzation (FAQ), that 14-16 % of
food in the world 1s lost in the supply chain before reaching the retail point [3]. If the full life
cycle of food products 1s analysed, the third part of food produced is usually accepted as an
actual value for Food Waste (FW), however, this number is merely a general estimation [5].

According to the FAO, FW can be defined as ‘the food that 1s appropriate for human
consumption but it is discarded either before or after spoils, as a result from the negligence
or a conscious decision to throw it away’ [6]. [7]. In the specific case of the European Union
(EU), 1t was appraised that in 2011, the amount of food produced was 863 kg/person, and the
total amount of FW corresponded to 20 % for the same vear [3]. [7].

A supply chain can be conceptualized as the interaction among several organizations
involved in the flow of products and services to their end customers [8]. The FSC comprises
all units dedicated to manufacturing or harvesting products from the basic raw materials
obtained from primary activities to deliver final food products to the consumer [9]. [10]. The
main activities of the agri-food supply chain invelve raw material supply, manufacturing and
postharvest, storage, distribution, and services [11]. Another definition for FSC 1s that the
‘food supply chain is composed of raw material supply of agricultural products, farming, and
breeding of agricultural preducts, processing of agricultural products, and the production,
distribution, retail, and catering of food’ [12], [13]. FSCs are unique, as they deal with the
ntrinsic 1ssues of perishability, product deterioration. and organic wastes [14], [15].

The sectors contributing the most to the FW stream are the household with 53 %, followed
by processing with 19 % [7]; the most significant plans. policies, and measures towards
reducing FW in the EU, are addressed to as in the European Union Waste Framework
Diarective 2008/98. However, there 1s still the need to tackle FW i FSC. to ensure food
quality, and decrease energy consumption estimated at 25 % of the EU-27 total final energy
consumption [16]. Moreover, 30 % of potential savings 1in refrigeration and cooling activities
has been estimated for the food sector [17].

The potential risks of hazards compromising the product's safety i the FSC could arise at
any stage, undermuning the whole supply chain [13]. Society, and various international
organizations, like the FAO, the World Food Program (WFP), and the United Nations
Environmental Program (UNEP), defined roadmaps to raise awareness among the public
towards food safety looking to reduce food losses and reaching the “zero loss or waste food’
in the Zero Hunger Challenge [18]. [19].

FW has become a key topic in developed societies due to the increasing environmental and
social interest. Accordingly, food loss is the removal of any food and its inedible parts from
the supply chain at any stage for whatever use, no martter if it 15 for recovery or disposal.

The causes for food losses, at least in Europe, are well known, despite not always being
easy to track as they involve all actors 1n the FSC [20]. Among the more important causes, 1t
15 worth highlighting quality losses, reached expiration dates, damages during a particular
stage, and food discarded due to a batch’s sample not meeting the stipulated quality standard
[21]. [22]. Fortunately. some conditions for recovering FW to use in human consumption are
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nowadays also known. However, the lack of data 1s an obstacle to esttmating the amount and
the quality conditions of food losses for most food typologies [23].

MNowadays, a large share of FSCs occurs 1n a low-temperature regime (1.e. chilled or frozen
product) to extend the perishability time. Following the definition found in the Dictionary of
Refrigeration [24], a Cold Supply Chain (CSC) could be defined as the representation of a
‘series of actions and equipment applied to maintain a proeduct within a specified low-
temperature range from harvest/production to consumption’. A cold chain includes, but 1s
not limited to, chilled and frozen foods and the subsequent refrigeration, the refrigeration of
food after harvesting, transportation, storage, retail distribution, and home storage. amming to
maintain the quality. safety and to extend the shelf life for consumers [23]. The cold chain 1s
vital for reducing FW and ensuring food safety, which influences the environment, water, and
land resources [26], [27]. The equipment and facilities in the cold chain may mclude
precooling and freezing facilities, cold storage warehouses, refrigerated trucks. freezers,
display cabinets, and home refrigerators. which involve many new technologies and recent
developments [12], [27]. Although food cold chain ensures food safety and prolong shelf life,
frozen food's quantity 1s responsible for important energy and refrigerants consumption than
a non-refrigerated FSC [28]. Thus, C5C must be adequately addressed to evaluate their real
sustainability performance.

The environmental concerns caused by the activities related to CSCs can be divided into
direct and indirect impacts. Direct impacts come from resources and emissions consumed and
caused by activities within the supply chain’s system boundaries. Resource extraction and
use are linked to the use and transportation of raw matenals, energy use, and other
intermediate products necessary for carrying the actions within the involved processes.

The indirect impacts from food produced and not eaten (food losses) in carbon footprint
terms are estimated at around 3.3 Gt CO, eq. This positions the FW issue as the source number
three of carbon emissions after the USA and China if compared with direct country emissions
[7]. [12]. Hence, C5Cs are vital to reduce food losses, vet they come with an environmental
toll that must be assessed and addressed properly by improving the overall efficiency of their
operations.

2. RATIONALE FOR EASY-TO-USE COLD SUPPLY CHAIN ASSESSMENT TOOLS

Recently. the concept of sustainability in the CSC has gained importance proposing a
holistic view of the FSC system and 1ts sustainability and aiming to optimize the benefits and
results [29]. However, sustainability in the FSC and measuring its performance is difficult as
not only the economic dimension must be considered should be the key assessment
parameters. Despite the difficulties to be quantified, environmental and social issues must be
brought into the assessment as the FSC involves multiple actors [30]. These actors and supply
chain partners are required to work together to attain more sustainable outputs and increase
the progress rate [31]. This can be achieved 1n the industrial sector, by reducing the energy
consumption to cope with the challenges of meeting consumer expectations, national and
international policies and regulations, and resource limitation [4]. Several studies highlight
the lack of sustainability and energy efficiency assessment 1n the FSC under a holistic view
[1]. [32]. And although the topic has been addressed, it has been predominantly done from
the FSC single actors’ perspective, creating only a fragmented assessment [1].

One interesting and recent study attempted to evaluate the enablers for effective adoption
of sustainability concepts 1n the FSC using different research methodologies for an Indian
FSC case study [33]. Stll. the quantitative evaluation of environmental impacts for
sustainability assessments of FSC remains mainly unmapped.
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FS5Cs and C5Cs are mherently complex due to their numerous actors, stages and products.
Understanding the energy and environmental performance of such chains becomes
challenging and data intensive. This makes 1t particularly difficult for companies who seek to
understand the relevance of particular chains, especially when they are small or medium -sized
and only have limited resources and absorptive capacities. This calls for tools that can be
readily applied to evaluate financial and environmental potentials for improvement within
CS5Cs.

A major example has been developed in the FRISBEE project [34]. Its tool allows assessing
the quality of food products, the energy consumption of different supply chains, and CO-
emissions [34]. While the FRISBEE tool 15 quite robust for evaluating food quality changes
across the C5C, 1t 1s limited to modelling steady in time scenarios. Furthermore, it does not
allow for comparisons between the current state and future EEM implementations. Thus, a
limtation 1 the environmental assessment appears, as generally, the global warming
potential is the only category considered within existing tools, and it is not clear if a holistic
approach has been used considering the whole life cycle of the food product evaluated.

A set of tools and methods 15 gathered and presented in [29], where topicality 1s aggregated.
The main covered issues regarding agriculture supply chains presented are risk management,
governance, cold chain management, globalization, information and communication
technologies, logistics, short supply chains, and sustainabiality. However, each of these 1ssues
15 approached individually by different methodologies.

The necessity for a tool that incorporates a holistic perspective arises to fulfil several
objectives: to facilitate the understanding of energy-efficiency measures within CSC of the
food and beverage sector, in particular for small and medivm-sized companies, to take a
holistic perspective on the entire C5C instead of looking at individual companies, only, and
to facilitate decisions on investments in energy-efficient technologies.

3. CONCEPT AND IMPLEMENTATION OF THE ICCEE TOOLBOX

The suggested toolbox aims to introduce a set of analytical decision support tools. These
shall allow easy-to-use but still customized analyses on the energy and sustainability
performance of CSCs. As the food industry includes many different products. they are
subjected to different production processes and logistic activities in terms of required
operations and energy consumption. For this reason. simplifications are needed. These
concern the representation of CS5C which, as presented in Fig. 1, can be both regional and
global. Breaking down the structure into individual stages 1s the main advantage and mission
of the developed toolbox. It thus allows identifying the potential impacts 1n diverse stages
and activities in the CSC. At the same time, the toolbox remains simple and practical while
answering the needs of several stakeholders, ensuring accessibility and an easy-to-use
interface.
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Fig. 1. The cold supply chain of food and beverage.

The toolbox consists of several tools covering different aspects related to the sustainability
and energy efficiency of CSCs (Fig. 2). They encompass seven spreadsheets with a common-
looking interface to increase the awareness among managers and actors within the CSC of
energy efficiency measures from a holistic perspective instead of a conventional single actor
perspective.

The whole toolbox 15 developed to allow the individual evaluation of cost-benefit and
impact analysis on the implementation of Energy Efficiency Measures (EEM) 1n the CSC. As
an added value, the toolbox can facilitate the identification of energy hotspots (i.e.. processes,
auxiliary services) within the whole CSC. The toolbox prioritizes the evaluation of energy
savings and their benefits i different areas 1n independent and stand -alone versions to lessen
data safety and incompatible software 1ssues.

Ultimately, 1t can be said that this toolbox supports the assessment of energy flows,
benchmarking, and life cycle impacts. The tools can be explored in detail on the project
website [33].

Tool #: Gun(la nce

Da you want to know mor

Tool #5: Non-energy benefit evaluator (NEB) Lite cycle assessment tool (LLA
Do you wander haw to analy. Tt ard T
benefits in a structured manner?

7e non-energy

Tool #4: Benchmarking non-energy benefits (BEN) Tool #3: Life cycle costing tool (LCC)
Are you interested in other factors relevant for Do you wonder about the economic benefit
decision making on C5C energy performance? from energy effidency measures?

Fig. 2. Structure of the ICCEE teolbox.

Each of the tools can be used as a standalone one. to recognize a specific aspect on the CSC,
or all the tools together. to obtain an overall final score that enables identifying a potential
best scenario using multi-criteria analysis. A comprehensive description of each one of the
toolbox components 1s presented 1n the following sub-sections.

3.1. Tool 0: Guidance

The guidance tool provides an introductory orientation on the toolbox 1tself, best practice
examples, and funding opportunities. Next to a brief description of each tool mncludes the
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collection of best practice examples (so-called factsheets) for energy efficiency measures
tailored to the CSC. The EEMs relevant for CSCs have been grouped into ten categories:
auxiliary technologies, buildings, employees, energy generation and recovery, industrial
symbiosis, maintenance, management, monitoring and control, refrigeration system, and
transport. Furthermore, the tool also provides an overview of national support schemes
concerming energy efficiency in the C5C, mncluding eligibility information and links to further
information. Thus, the gmdance tool serves as a repository of technical and funding
information on energy efficiency within CSCs.

3.2. Tool 1: Cold Supply Chain Teol (CS5C)

Chilled and frozen foods have a short shelf life and high sensitivity to the surrounding
environment (i.e., temperature, humidity, and light intensity). For these reasons, they must be
distributed within a specified time and require special equipment and facilities (e.g..
refrigeration and dehumidification systems) from farm-to-fork to slow deterioration and to
deliver safe and high-quality products to consumers. These requirements establish a trade-off
between energy consumption and quality losses. The CSC tool deals with assessing the energy
requirement in storage and transport activities along cold supply chains and the impact of
storage time and temperature on food quality and energy consumption.

This model aims to support decision-makers in understanding and minimizing the overall
specific energy consumption along cold supply chains, including quality losses. For this
purpose, it allows to analyse:

1. Energy requirement in storage activities;

2. Energy requirements 1 transport activities;

3. Time-temperature effects on the food quality and consequent energy consumption.

The target group refers to supply chain managers and environmental managers of
companies.

The supply chain proposed in the tool consists of up to seven stages from the raw material
supplier to the retailer and includes a set of predefined products. In case the supply chain
under analysis looks different, 1t 15 possible to omit or aggregate input of some stages to match
the specific chain. The input required deals with the logistic activities of the stages with
temperature control requirements. Specifically, three different macro-categories of input data
can be distinguished:

— General inputs; in terms of annual demand rate of the final product, space occupation
of the raw material and the final product, amount of raw material for producing a unit
of the final product, and the product family of both raw material and final product;

— Storage data required for each warehouse in the chain; 1n terms of the average value
of ambient temperature 1n the hottest season, inside reference temperature during the
storage activities, annual consumption for refrigeration purpose for each energy
carrier, storage size, production rate (if any), average warehouse utilization and
average storage time at the warehouse;

— Transport data: in terms of fuel type, an average distance for a roundtrip, average travel
time requiring refrigeration, distance travelled per umt of fuel. electrical power of
refrigeration equipment (1f any), a payload which defines the maximum amount of
product transportable per trip, average amount of product transported, average value
of ambient temperature in the hottest season, and inside reference temperature during
the transport activities.

This tool provides some unique features like:

— Evaluation of the CSC’s energy performance with a holistic and life cycle approach;
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— Contribution analysis of each actor in terms of quality losses and energy consumption;

— Considerations of a trade-off between time-quality-energy for the overall cold chain,
analysis of the influence of different temperature levels;

— Considerations of distribution, transportation and storage policies, and the assessment
of the EEMs impacts and consequent prioritization.

3.3. Tool 2: Life Cycle Assessment Tool (LCA)

The LCA tool deals with the life cycle analysis of CSCs. This tool integrates inventory data
from existing LCA databases to assess the environmental performance in three different areas
of concern. The tool 1s designed to help practitioners or interested cold chain actors to quickly
identify the environmental impact of cold supply chains in terms of Global Warming Potential
(GWP), Cumulative Energy Demand (CED). and water scarcity based on the AWARE method
(Available Water Remaining).

The model 15 based on the following data and methods: the determunation of the GWP,
based on the ‘2013 method’ developed by the Intergovernmental Panel on Climate Change
(IPCC) [30]. It delivers results for a timeframe of 100 years and expresses the impact in terms
of kg of carbon dioxide equivalents. The determination of the CED 1s based on the method
published by the environmental data system ‘ecoinvent version 2.0" [36] and expanded for
raw materials available in the life cycle database ‘SimaPro 9" [37]. The AWARE method 1s
used according to the recommendation of the international working group on water use
assessment and foot printing (WULCA) [31]. It assesses the potential of water deprivation to
either humans or ecosystems, based on the assumption that the less water remaining available
per area, the more likely another user 1s deprived.

The main novelty of this tool relies on the quick assessment of environmental impacts while
creating different scenarios for cold chains within most countries of the EU-27. Furthermore,
the LCA methodology proposed by ISO 10040 and 14044 1s simplified 1n this tool so the user
can create their product system, by altering system boundaries to evaluate from a cradle-to-
grave to a gate-to-gate system, including process taking place upstream and downstream from
a single actor stage.

The LCA tool allows the user to select available raw material products from the tool
database. Moreover, 1t also permits to consider if regional or global cold chamns are to be
modelled, automatically expanding the boundaries by inserting the proper stages necessary
for evaluating a globalized supply chamn. The umique tool features are:

— Evaluation of the environmental impacts (and benefits) of potential energy efficiency
measures within CSCs, based on the LCA methodology following the ISO Standard
14044:2006;

— Exploration of the interdependency among technological and ecological systems:

— Streamlined, vet consistent, exploration of the overall environmental impact over
possible cold chains of chilled and frozen products;

— Evaluation of all environmental contributions associated with transportation (with or
without refrigerant — cooling system unit), the energy mix. and the waste management
within each stage of the cold chain meeting the needs to have a holistic approach of all
the main key actors in the whole chain of a product’s life cycle;

— Possibility to mclude a feedstock product before entering in the cold chain (e g, fresh
fish) as a backstream process:

— Quantitative results in terms of the three environmental categories selected (1e.
Cumulated Energy Demand — CED, Global Warming Potential - GWP, Water footprint
by AWARE approach).
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In definitive, this tool allows stakeholders to quickly assess potential CSC's environmental
impact without requiring deep knowledge in the LCA methodology.

3.4. Tool 3: Life Cycle Costing Tool (LCC)

The life cycle costs (LCC) methodology traces all relevant costs associated with a product
for its entire life cycle. Three main types of LCC approaches are usually evaluated:
conventional, environmental. and societal types [32].

A conventional LCC (C-LCC) 1s a pure economic evaluation and a quasi-dynamic
method [32]. Generally. it includes (conventional) costs associated with a product that are
borne directly by a given actor. This type of LCC 1s usually presented from the perspective
of the producer or consumer alone. In this approach, external costs. that are not immediately
tangible. are often neglected. Additionally. C-LCC does not always consider the complete life
cycle; for example, end-of-life (EoL) operations are not mncluded 1n any case. C-LCC 15, to a
large extent, the historic and current practice in many governments and firms.

The environmental LCC (E-LCC) uses the system boundaries and functional umits
equivalent to those of an LCA and 1s based on the same product system model. addressing
the analysis to the complete life cycle. In this sense, the two analyses (1.e. LCA and E-LCC)
are complementary in the fact that all costs are mncluded as direcily borne throughout the
chain, including the already internalized cost of external effects. It assesses the cost that
occurred duning the Life Cycle 1n 1ts LCA-related approach.

Societal LCC (5-LCC). as developed for cost-benefit analysis (CBA). uses an expanded
macroeconomic system and includes a larger set of costs. These correspond to those that will
be or could be, relevant in the long term for all stakeholders directly affected and for all
indirectly affected through externalities (direct and indirect cost covered by society). In
addition, S-LCC includes, but not necessarily, the monetized environmental effects of the
investigated product as may be based on a complementary LCA.

This tool aims to deal with the life cycle costs of energy efficiency measures, allowing users
to analyse these measures from a conventional economic perspecirve offering the possibility
to review the impact from a social outlook Furthermore, the tool offers umque features
considering a holistic approach for C5Cs in terms of an economic perspective, the evaluation
of the economic feasibility of an energy efficiency measure for a specific actor of the C5C,
the monetarization of the environmental benefits of energy efficiency solutions for any actor
included 1n the cold chain, as well as the evaluation of the LCC under the aforementioned
different approaches.

3.5. Tool 4: Benclmarking On-Energy Benefits (BEN)

In addition to evident energy and CO; savings, EEMs can also entail non-energy benefits
(WEBs). NEBs can be described as mmprovements due to energy-efficient technologies that
vield ‘additional enhancements to the production processes’ [33]. Such enhancements include
improvements in areas such as waste generation, emissions, operation and maintenance,
production, and working environment. Prior investigations from the European context suggest
that three out of four companies in the CSCs of the food sector see benefits besides lower
energy bills when thinking about EEMs [38].

Apgainst this background, this tool aims to help create awareness and understanding of the
role of NEBs within companies of the CSC. For this purpose, it allows, firstly, to reflect on
non-energy benefits 1 a structured manner and secondly, to compare this reflection with
views by other companies active 1n CSCs. These views are based on survey results that were
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explicitly collected to provide an overview of energy efficiency and non-energy benefits in
cold supply chains.

Another key feature of the benchmarking 1s to compare the energy efficiency awareness of
the individual company with that of the CSC to underline the particularities of CSCs. In
addition, the users can compare their view with a peer group of similar company size.
According to the survey, which serves as benchmarking basis, most companies at least
sometimes consider energy efficiency in decision-making — both about their company and
their cold supply chain. Concerning NEBs, the survey showed that most individual companies
associate positive effects besides reducing energy demand and CO; emissions with EEMs.
However, the general awareness of NEBs along the entire cold chain seemed to be lower 1n
COMIPATISOn.

To conclude, the benchmarking tool serves as an entry pomt to imtiate a deeper reflection
on the role of energy efficiency and non-energy benefits in the cold supply chain. Non-energy
benefit evaluator (NEB).

It has been pointed out in the literature that NEBs can have a significant impact on the value
of EEMs, even exceeding energy savings alone (e.g. [33], [39]). NEBs are easily
underestimated, or even not considered, in the evaluation process of an energy-saving project
[40]. [41].

Building on the previously described benchmarking tool, the goal of the NEB evaluator tool
15 to introduce possible NEBs of EEMs, their classification, and their strategical assessment
1n the decision-making process of an EEM. For this purpose, first, NEBs can be chosen from
a pre-defined list and can then be classified concerning their contribution to the strategy
according to cost decrease, value proposition increase, and risk reduction for a selected EEM.
In a second step. they can be prioritized and assessed qualitatively or quantitatively.

A key feature of the tool 1s to assess NEBs not only from an 1ndividual company perspective
but also along the whole cold supply chain. Therefore, an exemplary EEM can be analysed
and positive effects for the individual company and other stages of the chain can be
considered.

To conclude, the NEB tool provides an advanced strategic assessment of non-energy
benefits of specific energy efficiency measures to the particularities of cold supply chains.

4. THE MULTI-CRITERIA DECISION ANALYSIS TOOL (MCDA)

Previous tools allow assessing different key performance indicators (KPI) of the same cold
chain which can lead to different results. The multi-criteria decision analysis (MCDA) tool
allows us to understand the impact of adjusting temperature levels and storage levels on five
of the main 1mpact criteria used 1n life eycle analysis (assess in the CSC and the LCA tools).
Moreover, it 1s possible to evaluate the potential of the energy efficiency measures while
considering the optimization of different KPIs.

Multi-criteria analysis 1s a well-recognized method for solving complex issues and
supporting the decision-making process, which allows selecting the most optimal choice
determined primarily by a weighted set of criteria. The TOPSIS approach has been selected
since it 1s recognized as a comprehensive method that gives a complete ranking of alternatives
and avoids complex evaluation of each criterion in the selection process and the need for a
large quantity of information in assessing these criteria [42], [43]. It 1s possible to select
different weights for the mmpact categories and then carry out an automated multi-criteria
assessment based on the TOPSIS algorithm. In TOPSIS, the shortest distance to the ideal
solution and the furthest distance from the anti-ideal solution is considered evaluation of
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alternatives. Similarly, as with other Multi-Criteria Analysis (MCA) methods. TOPSIS has a
subjective parameter 1 form of assignment of weights to each selected criterion [40].

The main MCDA features can be described as being a macro-enabled expert tool to analyze
the impact of parameter variation (what-if-analysis) of particular energy efficiency scenarios,
the use of quantitative, and yet simple, ranking method for the evaluation of energy efficiency
scenarios within the whole CSC, the identification of trade-off between various key
performance criteria for the environmental impact in CSC, and a comprehensive approach
merging technical, economic and environmental perspectives drawing on the supply chain
analysis, the life cycle assessment and adding a multi-criteria approach.

5. VALIDATION AND LIMITATIONS

The ICCEE toolbox has been designed as an instrument for assessing the sustainability and
energy performance of CSCs. Although mitially concerved to help small and medium-sized
enterprises, its potential 1s not limited to them. Large companies mnvolved i CSC can also
use the toolbox to evaluate potential EEMs at any stage. such as raw material suppliers or
transport multinationals.

Using different indrvadual toels, the CSC assessment provides a result (or score) for the
different KPIs (1.e. specific energy losses, quality losses, GWP, CED, water scarcity) under
evaluation. Then, such outputs are analysed in the MCDA tool (see Fig. 3), to obtain a
definitive score considening the performance of the EEM under evaluation.

Results
The results far the base configuration as well as the best altemative from the TOPSIS analysis using the above input paramaters and wedghts is shown below.
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Fig. 3. MCDA output.

5.1. Toolbox Testing and Validation

The single tools merged in the toolbox are the result of an iterative development process.
The validation process both consisted of a techmical validation as well as a user-oriented test.
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For the technical validation of the tool. data from companies relevant for the supply chain
(e.g.. raw material preparation. logistic and warehousing operations, production and
processing of products, packaging) per sub-sector were collected to verify tocl operation. 1n
particular for the C5C, LCA and LCC tools. In terms of user tests, selected compames from
the CSC were contacted to test early drafts. Through interviews, surveys, and meetings, data
was collected from suppliers, retailers, and producers. In addition to that, secondary data from
already existing databases were incorporated for validating the tools.

5.2. Impact of Results

The tool provides to actors involved in the cold chain important benefits for the evaluation
of the consumption of each energy carner for refrigeration purposes towards storage and
transportation activities along the cold chain. The possibility to obtain an assessment of non-
energy benefits and behavioural aspects along the whole CSC represents an innovation
compared to outcomes from previous research studies. The 61 semi-structured interviews and
the organized online survey with 122 participants of companies active in cold chains
highlighted that energy efficiency 1s nowadays considered more for mdividual companies
than for whole cold supply chains. The survey also identified specific aspects such as a vanety
of priorities among the actors. the lack of know-how and skilled personnel. lack of
communication and information exchange along the cold chain which may hinder a more
consistent implementation of energy efficiency measures.

The aim of establishing the toolbox was to provide easy-to-use tools to investigate the
sustainability performance and energy efficiency of CSCs. For this, a compromise between
the level of detail and still meaningful results 1s necessary. Thus. there are important
limitations to the toolbox that needs to be mentioned. First, despite seeking to make the tools
as simple as possible, the task of analysing entire CSCs still requires a considerable amount
of mput parameters, especially for the LCA, CSC, and LCC tools. Second, evidence from
other investigations shows that CS5Cs can be very complex, and they can involve many actors
within the same stages of the CSCs. Within the tools, a default setup of stages has been
foreseen. For specific analysis of large chains, some real-life stages may need to be merged
to fit into the categories of the tools. Third, default values for selected products are required
for some of the tools. These may serve as proxies for other products, yet they cannot represent
all details for a large vanety of different individual cooled products. In sum, the tools are a
simplification of reality as any model. During testing, there were several requests to include
more options into the drop-down menus in tools where users can choose between different
options. Yet, the general feedback from the tool tests was positive and several users expressed
the wish to use the tool 1n the future which 15 a testament to 1ts usefulness. Likewise, feedback
on user-friendliness was generally positive and no inconsistencies within the models were
reported. Yet some basic training might be necessary to avoid calculation errors or misusing
the tool, especially in the case of the more complex tools.

6. CONCLUSIONS

The toolbox 1s a contribution to understanding the sustainability and energy efficiency
performance of CS5Cs. It can be relevant for many different users. including students
interested in environmental impact assessments or energy efficiency in industrial sectors,
technical experts who seek to make estimations on sustamability, and companies operating
C5Cs. Thanks to its simplified approach, the tools only need a limited amount of adaptation
by any stakeholder who seeks to analyse a known CSC with a defined product system.
Moreover, the holistic approach allows different actors to access mnformation from other
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stages 1n the supply chain, which would facilitate the evaluation of social 1ssues for several
stakeholders. The different options provided by the toolbox help to provide a holistic
approach for the evaluation of CS5Cs, an aspect not always considered from interested parts
or actors in the food cold supply sector. Moreover, the toolbox contributes to overcoming
challenges such as the usval lack of deep knowledge 1n assessing methodologies or
mnconsistent choice of KPI and unsuitable tools that may hinder the efforts to choose a cost-
effective measure (EEM) [44], [45].

The toolbox serves as an assessment tool to evaluate potential mmprovement scenarios for
energy efficiency measures i the cold chain explornng technological, logistic and process-
based aspects, evaluating the effect of quality losses and non-energy benefits. In addition, the
tool provides also benchmarking properties facilitating ranking and sorting of the most
sustainable and efficient solutions. Finally, the features presented in the tool can also aid in
the future evaluation of the sustainability of CS5Cs, as environmental and economic
dimensions are assessed.
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Abstract — The Colombian energy matrix faces significant changes toward meeting its energy
needs while fulfilling its pledges in the Intended National Determined Contributions linked to
the Paris Agreement. The country has developed a plan for energy transition with a 2050
horizon, a strategy reflected and supported by new legislative packages. Within its design,
biomass and biomass waste play a vital role in bioenergy production; however, the benefits of
deploying new bioenergy production facilities have not been fully accounted for, including
only an economic and climate change perspective. In this work, a Life Cycle Sustainability
Assessment of a potential bioenergy plant for industrial symbioesis with the largest landfill in
the country is undertaken, avoiding environmental burden shifting between environmental
damage categories and exposing the social potential of such projects. The results show how
these types of projects are economically feasible and have the potential to boost the
sustainable development of local communities, which under the Colombian context, have been

structurally relegated from conventional economic growth for decades.
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FU Functional Unit
FwW Food Waste
CHP Cogeneration of Heat and Power
LCI Life Cycle Inventory
DOC Degradable Organic Content
LHV Low Heating Value
C-LCC Conventional Life Cycle Cost
OPEX Operational Costs
O&M Operation and Maintenance
CAPEX Capital Costs
UN United Nations
SDG Sustainable Development Goals
SETAC Society of Environmental Toxicology and Chemistry
NPV Net Present Value
IRR Internal Rate of Return
PI Profit Index

1. INTRODUCTION

Aligned to the global agenda. Colombia recognizes the importance of its wealth in terms of
biodiversity and, at the same time, i1dentifies the need to work on reducing the country's
vulnerability to the social, environmental, and economuc challenges 1t currently faces. As part
of 1ts strategy to mutigate the consequences of clumate change, Colombia has taken actions
such as: adhering to the ininiative of compliance with the Sustainable Development Goals [1].
Signing the commitment to reduce 51 % of its greenhouse gases (GHG) emissions [2]. [3]
and promoting the incorporation non-conventional renewable energy sources (NCRES)
through Law 1715 of 2014 [4].

To comply with these commitments, a new development model and transition plan were
established with a horizon of 2050. This plan recognizes the energy potential of the country.
It identifies the main risks that the territories face, which 1s why it has established three main
objectives:

1. Migrate towards a more competitive, efficient, and resilient energy system through the
widespread use of NCRES and the adoption of new technologies;

2. Eliminate energy gaps. introducing new business models and new technologies to
accelerate the universalization of electricity and fuel gas service throughout the
territory;

3. Lead the fight against climate change. prioritizing sustainable mobility with the
massive introduction of zero and low emission fuels, the use of hybrid and electric
vehicles, and energy efficiency policies at the residential. commercial, and industrial
levels [5].

This plan defines a route and specific targets for the generation of wind and solar energy,
describes those related to hydrogen, and in a transversal way, and includes the importance of
expanding and encouraging the use of biomass as an unconveniional energy source [3].
Although the number of bioenergy projects in the country 1s not fully recorded, different
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mmtiatives show this energy's growth and potential. From the private sector, the Bioenergy
Cluster of Valle del Cauca, which 1s made up of 2891 compamies, of which 2839 are biomass
producers, underlines among many due to its economic potential [6].

Two initiatives stand out from the public sector, the Sustainable Rural Energization Plans
(PERS) and the Clean Development Mechanisms (CDM). The PERS strength is to include
residual biomass as an alternative energy resource [7]. The CDM program identifies the
development and implementation of large-scale systems for the energetic use of waste
projects approved by the Ministry of Environment and Sustamnable Development, aimung to
reduce carbon dioxide emissions [8].

In this context, the present work seeks to quantify the environmental, economic, and social
impacts of an energy generation project from landfilled biowastes in Colombia using Life
Cycle Thinking (LCT) tools. This specific methodology has already been used for similar
projects in the geographical context, such as the case of the environmental Life Cycle
Assessment (LCA) for biogas production from wastewaters in Colombia [9] or the
sustamability evaluation of different paths for wastewater treatments 1n Brazil [10]. In [11].
the methane biochemical potential from organic wastes i Colombia landfills 15 explored mn a
municipal solid waste management process. In another work, the potential biogas generation
from landfilled organic wastes in Colombia was forecasted and estimated at 2640 4 TI/year
[12] while describing 1ts potential and different uses. For biogas production, the most
employed technique is anaerobic digestion (AD), thanks to low operational costs and its
positive energy balance [13].

1.1. Bioenergy Production in Columbia

Different defimitions are found for the term Bioenergy. Still, overall, it can be defined as
the conversion of biomass from agricultural and forestry waste, organic municipal waste, and
energy crops wnto useful energy carriers such as heat, electricity, and power [14]. Bearing 1n
mind Colombian regulations, Bioenergy must be undersiood as the energy obtaned from
those NCRES based on any organic matter's spontaneous or induced degradation. The organic
matter must surge from a biological process and the metabolic processes of heterotrophic
organisms to fit this definition. It must not contain or have been in contact with any trace of
elements that confer some degree of danger [4].

Even though Colombia's electricity energy matrix is mainly based on hydropower as a
primary energy. it has come up with mitiatives and regulations that encourage the
incorporation of other renewable energies [15] and the energy transition towards carbon
neutrality [16].

Although solar and wind energy production 1s predominant in these imitiatives, progress has
been made in identifying the country's bioenergy potential [17] and implementing projects to
determine the technical and economic feasibility of using biomass in energy generation [18].

The mentioned incentives and the high potential of Bioenergy available in the country have
opened a new market for energy projects exploiting residual biomass. Bioenergy production
has grown at a rate of 19 % per year, reaching 296 MW nstalled 1n 2017, of which 291 MW
corresponds to the utilization of solid biomass and 4 MW to the use of biogas [19]. In this
context, there 1s a growing interest in evaluating the environmental impacts and identifying
the social contributions of such projects. However, a holistic evaluation including all the
relevant criteria that establish bioenergy production sustainability in Colombia 1s still lacking.

In Colombia, Bioenergy has been focused mainly on using solid biomass for thermal energy
production. Fig. 1 shows how the potential for biogas production has only begun to develop
in recent years.
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Fig. 1. Bicenergy growth in Colombia [19].

By recognizing the country's potential for bioenergy and biogas generation from organic
wastes estimated at 342 570 TT [20], understanding the guidelines defined by the regulators,
and having as a precedent the low implementation of biogas production alternatives. this
paper analyses the life cycle of biogas generation in the landfill of Mondonedo, the largest
one m Colombia.

1.2. Mondonedo Landfill

The landfill Nuevo Mondonedo is in the Province of Bojaca-Cundinamarca, Colombia, 40
km west of Bogota, and 1t is operated by Consorcio Relleno Sanitario Nuevo Mondonedo
(CRSNM). The landfill started operations in 2007 as a response to the need to increase the
landfill capacity from the Dona Juana landfill [21]. [22]. and has an estimated lifetime of
32 years. In 2020 Nuevo Mondonedo Landfill served 91 users distributed 1n 78 municipalities
and 20 private clients and received approximately 1.595 tons of domestic, industrial, and
commercial waste per day in 6.5 ha [23]. The waste characterization composition is as
follows: Paper and cardboard: 8.3 %, organic matter: 52 %, textiles: 10.2 %, garden park,
wood: 59 %, and other residues: 8 %. An expansion to approximately 17 ha during the
project's lifetime has been projected for an overall capacity of 7 102 190 m® of residues [24].
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Fig. 2. Nuevo Mondonedo landfill location.
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Since 2017, CRSNM has obtained approval to develop a project under the CDM scheme to
capture and use landfill gas from the Landfill Nuevo Mondonedo. The project's development
includes the capture of methane to produce electricity for on-site consumption and the
national grid. Heat will also evaporate leachates, and a backup enclosed flaring unit 1s also
considered [24].

Currently. GHG reductions are estimated from the combustion of landfill biogas burned in
a flare, power generation equipment. and leachate evaporation. The project aims to diminish
methane through burning and combustion in engines and microturbines. A total GHG
reduction capacity of 54 254 tCO,eq, 89 % corresponding to the burning of methane, and
11 % from the energy generation (16) was calculated. Additionally. 1t 15 believed that better
management of landfill gases would improve the quality of life of surrounding communities
and generate new jobs. However, these socio-economic mmpacts are still not quantified.

The current operation that includes methane collection, a burning system. and a future
power generation system in the Mondonedo landfill would positively impact climate change.
However, fully environmental or social performance has not been evaluated. nor has the
potential for a complete energy recovery system through biochemical and thermochemical
processes. For this reason, a model for implementing an AD plant for biogas production.
methane upgrading, and energy recovery in this landfill 1s undertaken in this work. The results
cover the three sustainability dimensions using Life Cycle Assessment (LCA), Life Cycle
Cost (LCC) evaluation, and Social Life Cycle Assessment indicators (5-LCA).

2. METHODOLOGY

Sustamability evaluations of different products have been undertaken from multiple
perspectives in the last two decades. One can take, for example, the sustainability evaluations
conducted by corporations mainly to obtain green certificates or for the release of their
sustainability reports. However, these reports only focus on the abatement measures of few
environmental impacts or consider CO: emussions alone as a proxy for environmental
performance. In contrast, others 1ssue reports about their corporate social responsibility [25].
including some social aspects. The authors of [10] used the "dashboard of sustainability”
method to rank different technological paths for wastewater treatment by combining
qualitative and quantitative scores. On the other hand, for biofuels ranking and decision-
making analysis, it 15 recommended to use fuzzy multicriteria decision methods such as AHP
and TOPSIS [26].

Nonetheless, 1t 1s not within the scope of this work to compare different projects'
sustammability performances. mainly due to missing data from similar landfills in the country.
Without trade-offs or burden-shifting between sustainability dimensions, this work focuses
on calculating the potential score of the proposed energy production path in the three
sustainability dimensions/pillars [27].

2.1. LCA

LCT 1s the decision-making process where the entire life cycle of a product 1s
considered [28]. This concept applies to manufactured products, which have an initial life
stage with the harvesting and resources extraction, production, distribution, use, and
management of waste, also known as the end-of-life (EcL) stage. Therefore, the LCA 1s an
LCT tool that evaluates the mmplications of the entire life cycle of a product in the
environment [29].
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Results from LCA provide information that reflects the environmental performance of a
specific product in different areas of concern or impact categories [30], [31]. The critical
advantage of LCA, when compared to other stand-alone environmental impact evaluation
methodologies, is that it avoids “burden-shifting”™ [32] by allowing the assessment in several
mmpact categories (depending on the specific method selected) [33]. The whole framework
and the requirements and guidelines for developing an LCA are given by the ISO standards
14040 and 14044 [34]

2.1.1. Goal and Scope

This LCA study aims to evaluate the environmental impacts of the potential commissioning
of an energy recovery plant for the Mondonedo landfill facilities. The scope of this evaluation
starts by defiming the functional umt (FU). 36 500 t/yvear of food waste (FW) processed,
understood as 100 t/day for landfill sites’ managerial purposes. The scope of this study does
not include the activities related to the sorting and recovery of organic material. It corresponds
to a gate-to-gate approach comprehending the AD. biogas production, purification and
upgrading to biomethane, and thermal and electrical generation by cogeneration of heat and
power (CHP). The system boundaries of the study can be seen in Fig. 3. An attnbutional
system model 1s used for this study.

2.1.2. Life Cycle Inventory

The Life Cycle Inventory (LCI) includes matenial and energy flows and the equipment and
infrastructure required for the whole energy production process. 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 Mondonedo landfill
considering average values for the period 2007-2016 [24]. 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 elementary flows. All data presented
in this section 1s normalized to the FU.

The AD stage includes the transport of the sorted FW by municipal waste collection
vehicles to the treatment plant, which 1s assumed to be located just beside the Mondonedo
landfill with an estimated distance of 30 km (round trip). similarly to the one reported for the
Colombian geography at [9]. The AD plant consists of 5 sets of 2 biodigesters in series —with
the sets in parallel — each with a working volume of 7000 m*.
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Fig_ 3. System Boundaries for the proposed case scenario.
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For the LCA model, the construction of the AD plant is taken from the Ecoinvenr 3.7
database. The unit process refers to a plant with an installed capacity of 10 000 t/year; thus,
the value 15 normalized considening the FW input. Water consumption of one ton per 100 t of
FW 1s assumed for makeup and blending before imjecting the flow mto the biodigesters.
The authors calculate electricity and heat demands in line with reported values in [35] for
electricity consumption of 101 kWhitzw and 338 MI/tew. The AD plant analysed relies on a
continnous mesophilic operation at 35-39 °C with a calculated biogas conversion of
139.9 Nm’/tzw. which 1s i line with values reported in [36]-[38]. A biogas molar
composition of 60 % CH.: was found for a 62 vol % of CH, and 32 vol % CO; ratio. i line
with values reported in [39]. The resulting sludge or digested i1s assumed to be treated
accordingly with the available "Digester Sludge | market for|” unit process in the Ecoinvent
database. Biogas and methane mass balances were performed following the reported
concentration for medium-nich biogas [40].

The biogas obtained from AD 1is then upgraded to biomethane by the use of water scrubbing
technology, one of the most used techniques when it comes to large systems (=100 ms/h)
[41]-43]. The principle relies on the biogas' CO, and H;S higher solubility 1n water than
methane's, something described by Henry's law (see Eq. (1)), which explains the relation
between the concentration of a gas in a liquid 1n contact with such gas. and the partial pressure

of the gas [44].
Co=Kyp,. (8Y]

where
Cy  Molar concentration of an A gas in the liqud:
Ky Henry's constant;
pa Gas's partial pressure.

Within a high-pressure absorption column (high pressure boosts the dissolubility of gases
in water [45]). carbon dioxide 1s removed from the raw biogas. dissolved into the water, and
sprayed from the top of the scrubber 1n counter-current to the biogas. Some carbon dioxide
with methane traces 1s released from the water 1n the flash column and recirculated into the
main biogas stream. The amount of water necessary to sequestrate a certain amount of carbon
dioxide, as represented 1n Eq. (2), depends on desired CO: concentration in the upgraded gas.
the solubility of the carbon dioxide in the water, which i1s influenced by temperature and
pressure in the scrubber, and by the column design [43], [44].

_ Oy (2)(mol/)

2
Cron (aq)(M) ) @

O, (L/h)
where
0w  Water flow needed in the column;
Oco: Molar flow to be removed from the biogas;
Croz Calculated carbon dioxide solubility (represented as the maximum concentration 1n
the water) using Eq. (1).

In this study, 85 % of recirculation water into the absorption column is assumed after
regenerative absorption by air injection 1s performed at the desorption columm [45].

The resulting upgraded gas effluent consists of a methane concentration of 98 % on the
final stream [35], [38]. considering 4 % losses during the upgrading process [43] and 2 % of
remaining carbon dioxide in the stream right after the absorption column.
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The CHP plant construction umit process i1s also taken from the FEeoinvent database
(Construction work, heat and power cogeneration umit, 160 kKW electrical) and normalized to
a total capacity of 2 MW and 25 years. The CHP modelled process includes utilities and
materials such as lubricating oil, cooling water, and the cooling tower. Also, emissions to air,
such as carbon dioxide (biogenic), carbon monoxide, particulates less than 2.5 pm, and other
combustion emissions were considered, and the treatment of the waste mineral oil.

An electrical efficiency of 38 % and 46 % for thermal energy, a methane's low heating value
(LHV) of 10 kWh/m® and a capacity factor of 8030 h/year have been assumed considering
values reported 1n [9], [37]. The modelled mstalled capacity (2 MW) fits the requirements to
produce the calculated electricity and heat outputs of 10318 and 12 490 MWh/year,
respectively (before losses and meeting internal demands). A summanzed inventory 1s
displayed 1 Table 1 for a plant capacity of 36 500 trw/vear and 25 years of lifespan.

TABIE 1. SUMMARIZED L.CT

Material Amount Unit
Anaerobic Digestion

Food waste 36300 t
Anaerobic digestion plant (construction) 0.146 P
Iﬁ:ﬁ.ﬁ?ﬂi I:::;_e collection service by 21 5 ARE0S fem
Water 365 t
DOC in FW 15%%

Electricity (internally supplied from CHP) 1 47E+06 kWh
Heat (intemally supplied from CHP) 12337 MIT
Sludge from Anaerobic Digestion (emission) 30438 t
Biogas (output) 609.9 kmol/day
Biogas density [40] 1.187 gL
Upgrade

Ailr compressor 02 P
Absorption column 0.03 P
Softened water 1228 t
Electricity (internally supplied from CHP) 1.53E+06 EWh
Methane stream (output) 3659 kmol/day
Carbon dioxide (biogenic) 3.86E03 t
Wastewater treatment 1228 t
CHP

{msmmuon wc:_rh heat and power 0.625 p
cogeneration umit, 160 KW

Lubricating oil 2663.7 kg
Carbon dioxide, biogenic (emissions) 49721507 kg
Carbon monoxide, biogenic (emissions) 14 206.1 kg
Particulates, < 2.5 um (emissions) 13.3 kg
Sulphur dioxide (emissions) 488 kg
Other ermssions (dinitrogen monoxide,

methane, nitrogen oxides, NMVOC, ete.)

Waste muneral oil (waste treatment) 2663.7 kg

From the total energy produced at the CHP plant. electricity and thermal energy are used to
meet the internal demand for AD processes and upgrading. An estimated value of 41 kWhe/trw
and 338 M /tw are required for anaerobic digestion [35], [38]. and 0.3 kWh./m® biogas for
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the upgrading process [36]. Additionally. 5 % of electricity losses and 10 % of thermal energy
losses are considered during the cogeneration of heat and power due to transmission and
pipelines, respectively.

2.2. LCC - Life Cycle Cost Evaluation

LCC methodology 1s commonly used to scan for the best alternative among products and
services from an economic perspective [46]. The LCC is beneficial when a similar approach
to the one used in the LCA 1s undertaken. It allows for adopting the best solution 1n the long-
term by looking beyond solely the purchase price.

In this study, a Conventional Life Cycle Cost (C-LCC) 1s conducted following the exact
system boundaries of the LCA model. a gate-to-gate approach. Nevertheless, for this
economic evaluation, a full-scale plant considering the annual average food waste landfilled
value in Mondonedo 1s modelled to imnclude the effects economy of scales. which maximizes
the cost efficiency by increasing production [47].

2.3. Social LCA

The social dimension 1s one of the pillars of sustainability. A sustainable society should
reach this state only after all its actors have met the basic needs and enjoy sustainable
development benefits [48]. The importance of the social dimension 1s something the United
Nations (UN) reflects 1n the current policy for Sustainable Development Goals (SDG) [49].
among other regional and international imitiatives such as the Guidance on Social
Responsibility (ISO 26000).

5-LCA methodology was born as an expansion of the LCA method, and it 1s now understood
and classified as an LCT tool [28]. The indicators from the 5-LCA evaluated 1n this study are
assessed using qualitative evaluations of some of the social impact indicators required by the
UN and reported in [50]. The stakeholders and impact categories selection has been made
following the latest guidelines proposed by the Society of Environmental Toxicology and
Chemustry (SETAC) and the UN [51]. The main stakeholders considered are the local
community, consumers, workers, and society. The indicators evaluated were chosen based on
the available information and interviews performed with landfill workers: local employment,
community engagement, safe and healthy living conditions, fair salary, health and safety,
social benefits, public commitment to sustainability issues, and contnibufion to economuc
development [52].

3. RESULTS AND DISCUSSION

The environmental impact assessment from the proposed FW valorization scenario was
evaluated using SimaPro 9.2 [54]. and the LCI data was taken from the Ecoinvent
database v.3.7 [53]. The chosen method for calculating the potential environmental impacts
ts IMPACT 2002+ [33], [55]. available in the SimaPre libraries. This method allows the
practitioner to evaluate early stages in the cause-effect chain while also delivering results in
damage-oriented categories, preferred when communication to the public 15 desired [36]. The
results at the mid-point category level for the proposed scenario are displayed in Table 2.
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TABLE 2. CHARACTERIZATION RESULTS (MID-POINT CATEGORIES)

Impact category Unit Total Anaerobic Digestion Biogas Upgrading CHP Unit
Carcinogens kgC:H:Cleq —64E+04 6.0E+04 43E+02 —1.2E+05
Non-carcinogens kgC:H:Cleq 25E+HD5 2.6E+05 L.IE+03 —1.6E+04
Respiratory inorganics  kgPM2 . Seq 35EHD3 33EHD3 8.2E+00 1.9E+02

Ionizing radiation BqC-l4eq 8.2E+H)6 8 8EH)6 4.2E+04 —6.0E+05
Ozone layer depletion  kgCFC-1leg 1.6E-01 25E-01 J2E-04 —8.2E-02
Respiratory organics kgCiHieq 1.9E+03 1L.7E+03 235EH0 24EH02

Aquatic ecotoxicity kg TEG water  1.7E+08 25E+08 1.9E+06 —84E+07
Terrestrial ecotoxicity kg TEG soil 38EHT 4 8EH0T 5.6E+05 —1.0E+07
Terrestrial acid/nutn kg50:eq 1.1E+03 9.0E+04 1.2E+02 2.1E+HM

Land cccupation morg.arable 5.9E+04 6.6E+04 9.1E+02 —8.0E+03
Aquatic acidification ke50:eq 1.5E+04 1.3E+04 32E-0 23EH00

Anquatic eutrophication  kgPQ.P-lim 1.1E+03 1.2E+03 1.3E+00 —5.6E+01
Global warming kgC04eq 5.6E+05 2.0E+H6 4.1E+03 -1.5E+06
Non-renewable energy  MJ primary =51EH05 22EH0T 54E+04 =22E+07
Mineral extraction MJ surplus 33EH04 36E-04 34E-03 —6.6E+03

Table 2 displays the contribution by stage to the total potential impact in each category,
something represented graphically in Fig. 4. As can be already observed. the AD plant 1s the
process responsible for most of the environmental toll 1n all 1impact categories. In the Global
warming category, the most impacting sub-process 1s the treatment of the digester sludge
from the AD plant. responsible for 1 16E6 kgCO:eq per FU. When 1t comes to the use of Non-
renewable energy, the most umpacting activity in the Anaerobic digestion stage is the
transport of FW to the facilities, with a total consumption of 2.19E7 MJ per FU., followed by
the digester sludge treatment with 9.89E6 MJ. In general. the waste treatment of the digester
sludge and the transport of FW are the activities contributing the most to the potential
environmental burden in all impact categories.

The reported negative values 1 Fig. 4 represent avoided emissions, understood as benefits
to the environment, also called environmental credits, from the operation of the CHP plant.
Such credits occur as the electricity and heat surplus have been modelled as avoided products
to the techno sphere because they would be sold to the national electricity grid and nearby
industries for thermal energy, preventing the use of such energy inputs the conventional
energy sources in Colombia.

The enmvironmental impact shares by the Mondonedo plant in the four main damage
categories (Climate change, Ecosystem Quality, Human Health, and Resource use) [33] can
be seen in Fig. 5. The aggregation of mid-point impact categories into damage categories 15
achieved using a specific set of characterization factors given by the chosen LCA method. As
seen, the electricity and heat production at the CHP plant generates credits almost able to
compensate for the burdens created by the other stages in the resource use and Climate change
areas of concern. Yet, the benefits are not enough 1n the ecosystem quality and human health
categories, and considerable potential impacts are produced. The IMPACT 2002+ method
enables weighting factors to develop a single score unit for all categories (ecopoints-Pt) to
allow comparisons between the different damage categories. The comparison between
categories enables us to identify which one 1s the most affected overall and totalize all of
them, as done 1n Fig 6.
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Overall, the single total score for the Mondonedo plant 1s 506 Pt. with the digester sludge
treatment as the most critical hotspot with 515 Pt. followed by transport of the sorted FW to
the facilities with 247 Pt. and the construction of the AD plant with 798 Pt. The
environmental benefits reported with a total of 339 Pt come from the electricity and heat
production and are envisioned as avoided products with 219 and 217 Pt correspondingly.

3.1. C-LCC Results

For purchased equipment, market costs 1n USD 2020 values are taken from the database
avatlable in the SuperPro Designer® software. For the operational costs (OPEX) calculations,
2022 Colombian utilities' market prices are assumed for industrial water, softened water, and
lubricating oil. In consumables, the packaged bed filling for water scrubbing (absorption
column) 1s believed to be replaced three times per year due to clogging [43]. and available
market prices for random polypropylene packing material were used (11.0 USD/f?).
For Operation and Maintenance (O&M) expenses, equipment maintenance and labor costs
were accounted for, bearing Colombia's type of equipment and wage conditions.

Considering the displayed CAPEX (see Table 2) and the OPEX structure, a C-LCC was
performed for the proposed Mondonedo FW treatment plant. The revenues are obtained from
electrical and thermal energy sales to the Colombian internal public market under the current
trading conditions. The plant cash flow was calculated considering the revenues, OPEX, and
the external waste treatment costs (digestate and waste oil). The annual payment of income
tax (estimated at 32 % for Colombia) was calculated considering depreciation with a 4.0 %
yearly inflation, estimated investment return with an annual interest rate of 6.0 %. and the
plant cash flow.

TABIE 2. CAPEX SUMMARY

Type of cost Value Unit
Plant Equipment Costs (installed) 11 027.130 USD
Secondary costs 9483349 USD
Total Depreciable costs 20510499 USD
Direct costs 26 851.110 UsSD
Fixed Capital Investment 37394720 UsSD
Total Capital Investment 46182479 USD

For the project evaluation, three socio-economic indicators were estimated: Net Present
Value (NPV), Internal rate of Return (IRR). and the Profit Index (PI). The evaluation dropped
an NPV equal to USD 112 248 095, an IRR of 16.25 %._ and a PI of 3 .43, proving the project's
economic feasibility.

3.2. 5-LCA Results

The social pillar was evaluated through selected social indicators and considering the
results of similar studies in landfills. It can be said that energy production from organic waste
in a landfill contributes to the creation of legal jobs. which enhances fair wages. and supports
the local economy as it encourages community association for the activities related to the
collection and sorting of waste.

Additionally, 1t 15 believed that by doing a controlled separation of waste and by biomethane
cogeneration, the health and safety conditions of workers can improve, as a result of labour
formalization and the mandatory use of personal protection equipment and mechanisms for
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the execution of activities within the landfill and energy plant, reducing the nsks of
affectations for local communities. It must be pointed out that. although the study projects
new job creation as one of the positive tmpacts, local communities perceive that these jobs
are excluding the local labour force and are often hiring professionals from other regions.

In safe and healthy conditions of local communities, the human health area presents an issue
in the environmental evaluation. Thus, it 1s essential to evaluate end-of-pipe technologies to
reduce the enussions of substances affecting the areas of respiratory organics and non-
carcinogens to diminish this concern. It 1s believed that the proposed project would contribute
to the economic development of the country as well as constitute a good sign from the
governmental bodies and decision-makers towards their commitment to sustainability.

4. CONCLUSIONS

Evaluating energy projects requires an approach that integrates the different dimensions of
sustainability, which i1s why the LCT tools are used in this work to assess environmental,
economic, and social pillars for the Colombian context, something new at a regional level.

Using anaerobic digestion technologies i the Mondonedo landfill would promote organic
waste management, increase social benefits like creating formal jobs, stimulating the local
economy, and improving health and working conditions.

The cogeneration of heat and power using upgraded biomethane from the biogas generates
a positive environmental impact in most of the mud-point categories evaluated. In the four
areas of concern, energy production delivers environmental benefits, with the climate change
and use of resources areas as the most positively impacted ones. Furthermore, the LCC
evaluation plant showed that the proposed plant 15 economucally feasible under the
assumptions discussed and considering market prices in 2022,

The social impact of development such as the proposed one would positively impact the
assessed stakeholders, especially local communities and workers. However, new job positions
should mnvolve local communities enhancing their participation and enrolment i formal jobs
that allow them to mmprove their life quality.

Sustainable development programs in developing countries such as Colombia should
prioritize the engagement of historically segregated communities or under monetary poverty
conditions to improve the performance on socio-economic indicators such as equity. gender
equality, fair wages, promotion of wellbeing. and other ones also included in the SDG from
the UN.

Using multicriteria analysis methods, a sustamability performance comparison for similar
landfills within the country would be desirable. However, the lack of data regarding landfill
charactenization and side-stream valorization proposal projects makes 1t dafficult to undertake
such a study.
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Abstract — New district heating system technologies have arisen in the last years to deliver
economic and environmental benefits to residential and commercial buildings. The extensive
ranges of equipment, energy sources, temperature profile configurations, size of the network,
energy demand, and many other intrinsic variables, make it difficult to identify if a
determined district heating option is potentially better than another in environmental terms.
As for the economic evaluation, there are several tools decision-makers can rely on to assess
environmental performance. The main challenge is to provide a holistic point of view for
which lifespan and complexity of implementable, new technological systems can be an
obstacle. For this reason, in this paper, a Life Cycle Assessment is performed upon a technical
evaluation of several district heating configuration options for the Gulbene region in Latvia,
where DH systems in most of the assessed parishes are already operating under medium
temperature regimes, also known as third-generation district heating. The goal of the study
is to understand the environmental impact of moving from the current DH system to a low
temperature one. Results show a considerable environmental benefit if low-temperature
profiles, combined with the use of renewable energy sources are adopted in the current DH
systems. A hotspot analysis is also performed showing the use stage is the one carrying most
of the burden across the project’s lifetime, followed by infrastructure construction; also
showing that the refurbishment of buildings does not play a major role in the total
environmental impact contribution.
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1. INTRODUCTION

District heating (DH) svstems can provide heat supply to communities various in size —
from a small parish or community to whole cities. Although the most important aspect 1s
selecting an energy source that delivers a higher cost-benefit than a conventional boiler or
electric heating system [1], 1n this view the environmental aspect 1s a fundamental part to
follow. For Latvia specifically, it 1s stated under the “Sustainable Development Strategy”
goals [2] that a renewable and safe energy system must be reached by 2030 to include a 50 %
of Renewable Energy Source (RES) share 1n the final energy consumption by implementing
energy policies. Simular paths have been followed by many European countries in the last
decade, where DH systems have evolved towards more sustainable systems [3].

In 2014, Connolly et al. [4] designed a heat strategy capable of reducing heating and cooling
costs by 15 % in 2030 and 2050 by using the renewable heat potential in district heating
systems. The study, among others, compared the costs and CO; emissions of their new energy
strategy with the EU scenario of reference in the “European roadmap 20507 [5]. It was
concluded that district heating 1s a vital technology for decarbonization paths in the EU
energy system and should be considered. It has also been determined that further studies and
research on district heating systems should focus on the policies and technological routes
necessary to achieve economic and technical feasibility to successfully transition towards
sustainable district-based systems [6]. These sustainable DH systems include not only the use
of RES but also using low-temperature profiles in the DH distribution network. Conventional
DH systems as they are known today, work within a wide range of temperature profiles for
their supply and return lines (from 90 °C to 50 °C) [1]. On the other hand, low-temperature
district heating (LTDH), also known as fourth generation district heating (4GDH) systems,
works in the range of 50-20 °C [1].

It has been proved that 4GDH systems can reduce energy losses, balance renewable energy
in electricity grids, use industrial excess heat that i1s usuvally eliminated by cooling
technologies or released to the environment. and has powerful economic potential when
implemented correctly [7]. There 15 the Swedish case, where Sernhed et al. (2018) [8]. explain
how despite Sweden’s DH system 1s almost fossil-free, the next challenge 1s to give use to
low-temperature heat sources. They uncovered that the current DH technology needs a
long-lasting modification to allow better utilization of renewable, recycled. stored, and waste
heat [8]. Moreover. in 2017 Vigars er al. [9] showed the benefits in operational terms. which
equipment in the DH system could obtain from working with network low temperatures return
lmes increasing their efficiency. Mathematical models to forecast and understand new
equipment behaviour under reduced DH network temperature operation, have been already
developed and tested successfully, proving again the benefits 4GDH technologies [10].

Implementing the essential modifications to DH systems and to the system structure and
buildings, where the source of the thermal energy demand 1s generated, will carry an
environmental burden that needs to be assessed. Studies addressing the bottleneck of heat
production infrastructure challenges, and storing capacities, have already been
undertaken [11]. However, the environmental toll of transitioning towards the analysed
4GDH has not been captured. A similar 1ssue 15 found m the research made by Curtis ef al.
(2018) [12] where 1t 15 stated that the proximity to the thermal production facility is the most
important factor in determining the DH upgrade in a residential area. whereas the
environmental impact 1s distegarded. Due to the lack of holistic approaches considering
sustammable development goals. 1t becomes necessary to implement methodological studies
able to calculate the environmental impact of new 4GDH systems. By including within the
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scope, all the activities related to infrastructure preparedness and construction, and the
operational phase which involves not only the raw materials or fuel required to run a DH
system but also the background processes contained 1n 1t and expanding the boundaries to
also assess the expected changes in the residential and commercial buildings under different
scenarios, the goal of fully assessing the environmental impact of these new 4GDH systems
15 settled.

2. LIFE CYCLE ASSESSMENT METHODOLOGY

One of the main motivations for the developing of new DH systems is the resulting
environmental benefits. as such systems can reduce greenhouse gases (GHG) emussions. air
pollution, ozone depletion, and acid precipitation among other advantages, by integrating
RES, improving efficiency 1n equipment and moving from individual solutions to central
heating systems. From the sustamable development point of view, DH systems are understood
as a service, which makes 1t necessary to quantify the environmental impacts arising from 1t.
since it 1s created and used to fulfil a need. All products (goods or services) have a life cycle,
beginning with design, development, resource extraction, production (here there may exist
several production phases. manufacturing of materials required for later production of the
analysed product, transformation of raw materials, energy production, etc), use or
consumption, and the end of the life activities (collection, sorting, reuse, recycling, and waste
disposal) [13]. The concatenation of all these activities along the life cycle results 1n
environmental impacts due to resource consumption, emissions of substances into the
environment, and some other environmental exchanges such as radiation or iomization.

Life Cycle Assessment (LCA) is recognized as the most powerful and widely used tool for
undertaking holistic environmental sustainability assessments, as it 1s capable of assessing
the product’s environmental impacts from cradle to grave [14] on a multicriteria approach.
The principle 1s to compute the materials and energy flow inputs and the emissions at all
phases (stages) m the life cycle of a production process. LCA offers a broader perspective
because it can be utilized to evaluate a wider range of environmental impact categories,
beyond climate change, which 1s often the usual and only parameter considered when
assessing environmental performance, particularly for energy production and distribution
scenarios. One of the advantages of LCA 1s complementing local environmental impact
assessments by analysing the impacts from a global perspective, therefore avoiding the
so-called “burden-shifting” [15]. As a result. LCA 1s understood as a methodological
framework to estimate the environmental impacts coming from the life cycle of a determined
product. Such impacts can be classified 1n climate change, stratospheric ozone depletion,
tropospheric ozone creation (smog), eutrophication, acidification, toxicological stress on
human health and ecosystems. resource depletion, water use, land use, noise, and others [16].

Methodologies to implement an LCA vary among studies. but the most common one
remains to be the LCA ISO standard 14040 and 14044. The ISO 14040 (1997) describes the
principles and framework for LCA while ISO 14044 presents requirements and guidelines to
perform the assessment. According to the framework found i ISO 14040, a complete life
cycle, with its associated material and energy flows 1s called a product system. Then,
collecting. tabulating. and performung a preliminary analysis of emissions and resource
consumption 1s called Life Cycle Inventory (LCI), and most of the times it 1s necessary to
calculate and interpret indicators of the potential impacts associated with the exchange of
such flows with the natural environment, thus, performing a life cycle impact assessment

(LCIA).
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In ISO 14044, the mam four steps included i the LCA methodology are described: goal
and scope, life cycle mnventory, life cycle impact assessment, and life cycle
interpretation [17]. Defining the goal and scope 1s the first step in an LCA | the objective 1s to
make clear why the LCA methodology is performed and which phases of the production
processes are analysed. Due to the iterative LCA nature. the scope is susceptible to
redefinitions during the study. The goal and scope must define the intended application, the
product system, functional unit (FU), system boundaries, LCIA methodology, assumptions
and limitations, and some other data requirements. The second step is the LCI, where
inventory 1s gathered and quantified according to the defined FU. In this step, the stages and
the data collection and calculation techniques are described in detail. The third step. the
LCIA, mcludes the collection of indicator results for the different impact categonies, which
together represent the LCIA profile for the product system. Such results are categorized 1n
the aforementioned impact categories. It 15 at this point, where sensitivity analysis can be
performed to determine how changes in data and methodological choices may affect the
results. Finally. in the Life Cycle Interpretation. several elements are considered:
identification of significant issues based on results, evaluation of consistency and sensitivity
checks, and discussion of conclusions, limitations, and recommendations.

The LCA methodology has already been used in evaluating the environmental impact of
district heating solutions in the past. In 2009, Oliver-Sola er al. [18]. analysed the DH
system’s infrastructure 1n a neighbourhood using the Ecoinvent database and Gabi software
finding that the main 1mpacts are located in the power plants and dwellings instead of in the
pipeline network. However, this study lacked heat consumption and losses during the use
phase stage. In 2017, LCA studies conducted by Bartolozzi et al. [19]. showed significant
reductions 1n GHG emissions when renewable energy sources (RES) are integrated into
heating and cooling alternatives, versus traditional individual systems. Using comparatives
LCA on different DH systems as a decision-making tool has also been done under the life
cycle management approach (LCA plus Life eycle costing) by Ristimaki er al. [20]. In their
study, four DH systems scenarios were evaluated and the one with the best environmental
score turned out to be the most viable in economic terms and carbon emissions reduction,
despite being the one with the highest initial investment. Many other studies can be found in
the literature, where the energy production phase of DH systems using different energy
sources mncluding RES are compared with conventional ones. In the case study covered n this
project, a holistic approach 1s intended by evaluating 1n the long term, the environmental
impact of infrastructure, and the use phase of DH systems as a decision-making tool.

Following the LCA methodology recommended by ISO 14044, the selected method for
processing and present the results was IMPACT 2002+. This method offers several
advantages versus classic impact assessments-oriented ones such as EDIP or CML, where the
outputs are arranged 1n mudpoint categories using characterization factors, which restrict the
quantitative model to relatively early stages in the cause-effect chain, and also when
compared to only damage oriented methodologies such as ReCIPe or Eco-indicator 99, where
the cause-effect chain 1s quantified by the model using endpoint characterization factors.
IMPACT 2002+ merges the advantages of both schools of methodologies, by grouping
analogous category endpoints and building a set of damage categories, but also using
midpoint categories, with each one of them related to one or more damage categories [21].
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3. LCA CASE STUDY

Gulbene region comprises the city Gulbene and 6 parishes that nowadays have the installed
district heating systems working under what can be called third-generation technology that 1s
also the state of the art for more of the district heating systems currently working in Northern
and Eastern Europe. Nevertheless, while seeking to meet the aforementioned plans, Gulbene
region has started to work towards a more energy-efficient performance by the development
of a Low Temperature District heating network, immitially implemented in the Belava
parish [22]. Under the Pilot Energy Strategy (PES) for Gulbene region, the 6 parishes
including Gulbene municipality have been considered for developing low-temperature or also
called fourth generation district heating (4GDH) systems. and initial studies assessing
technical and economic feasibility have already been structured for different future
scenarios [23]. However, the environmental load of probable future scenarios should be
analysed and compared to the current heat production and distribution practice, to quantify
the impact change in different areas of concern from those different proposed options for
development.

3.1. Goal and scope definition
3.1.1. Goal

The goal of this study 1s to assess the environmental impacts of the baseline scenario for
the current DHS 1n Gulbene region and a possible future scenario where temperature profiles
in the distribution network are lowered, basically due to insulation improvements in the
buildings, as part of a new Low Temperature District Heating system (LTDH).

The main objective of the project is to show the effects of moving towards transition from
a 3GDH system to a 4GDH system. The LCA study will provide, m junction with an economic
assessment, a reliable decision-making tool providing consistent thresholds for the section of
the optimal technological solution in line with “Latvia’s Sustamnable Development Strategy
20307 [2].

3.1.2. Scope

The scope requres a clear description of the function and functional uvmit, system
boundaries, methodology, and data requirements in order to sufficiently address the stated
goal. As said before, an attributional model 15 performed for this study to evaluate the
environmental load of the DH system baseline scenario with the proposed upgrade to an
4GDH future scenario. The timeframe of the study only includes existing technologies and
described technologies in this project. Hence, the effect of new technologies will not be taken
into consideration. Future trends in insulation improvements across the pipelines that
comprise the distribution network. resulting in heat loss reductions, or 1n the boiler house, are
also not considered other than those explicitly discussed within the project.

Among the different scenanios comprised m [23]. some of them evaluate not only the
reduction in the temperature profile across the network but also the inclusion of new
customers, decoupling of some buildings while maintaining the same temperature profile for
the supply and return lines of the DH network. Within this study. only scenarios falling under
the definition of 4GDH were analysed and compared to the baseline one.

For the baseline scenario, the current technology, data for calculations, fuels and networks
described in [23] were used for modelling activities as part of the background data.
Foreground data was obtained from [22] and then 1t was assumed that similar infrastructures
are encountered or developed in the other Gulbene parnishes. The distnbution network
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temperature 1s usually assumed as 70 °C for the supply pipelines and 45 °C for the return
lines. although each parish has its own temperature schedule.

The LCA performed in this project was completed using Simapro 9.0 software integrated
with Ecoinvent 3.0 database.

3.1.3. Functional unit

A functional unit (FU) 15 a measure of the performance of the functional outputs of the
product system and its primary purpose is to provide a reference to which the inputs and
outputs are related. This reference is necessary to ensure the comparability of LCA results.
The definition of a functional unit must hence include both the gquantitative and the key
qualitative aspects to avoid subjectivity when subsequently defining an equivalence.

In this case, the functional nmt 15 the operation and mamtenance of the DH system over an
assumed time horizon for delivering the required heat demand of the different Gulbene
parishes and the municipality including infrastructural works required for heat distribution in
each scenario. This includes any construction or renewing work required either for the
baseline or future scenarios. such as boiler house construction or maintenance, the
deployment of required new pipelines and heat pump installation or refurbishment, and
insulation materials for the customer’s buildings.

3.1.4. System boundaries

The parishes under evaluation are located in north-eastern Latvia in the Vidzeme region
and the heating season in Gulbene, in accordance with Cabinet Regulation No. 338
“Regulations on Latvian Construction Standard LBN 003-15 “Building Climatology™, 15 209
days 1 duration with an average outdoor air temperature of —1 4 °C [23]. The duration of the
heating season 1s based on the assumption that heating in the buildings is switched on when
the average five-day outdoor air temperature is below 8 °C and accordingly switched off when
the five-day average temperature 1s above 8 °C.

The system boundaries comprehend the construction of boiler houses, including energy and
raw materials required for all equipment and accessories, the transport of materials for
construction, and the energy required for it. Within the assemblies for the boiler house, nodes,
pumps, taps and DH pipeline networks, materials, and equipment susceptible to replacement
during the lifespan of the project are also included. Construction of solar plants. heat pumps,
accumulation tanks. as elements, energy, and processes required for their construction, are
also considered.

As can be seen mn Fig_ 1, for the operational phase, the fuel and electricity required to run
the boiler house, pumps, and other equipment 1s accounted, including the extraction and
transport of fuels. Nevertheless, operations related to non-schedule maintenance and repairs
are not included due to their intrinsic feature of uncertainty and to avoid overestimating
impacts. The replacement of equipment such as recirculation pumps during the lifespan of the
project, however, are considered.
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Fig. 1. System boundaries on the supply side.

The service life or intended time horizon 1s for 25 years from 2020, hence only available
technologies at the moment of writing this document are considered within the study. The
end of life stage 15 not considered at all in this study, as the useful life of a DH system depends
on many variables such as governmental policies, the technological diffusion of new
technologies, rate of change 1n population (demand side), and maintenance of the network
and boiler house.

Regarding boundaries on the demand side. the approach for the residential or public
buildings gate to grave perspective and only repair/replacement material and activities within
the use stage are considered, as consumer buildings are already in operation, connected to a
3GDH system and all that is required for adopting a 4GDH system. is the essential
refurbishment to reduce the specific heat consumption in terms of kWh/m® per vear. As the
useful life of a residential or public building can be even longer than the one for a boiler
house, the end of the life cycle is also out of the boundaries of this study.

3.1.5. Limitations and Assumptions

Among the limitations that apply for all parishes and scenarios, the mamn one to consider 1s
the technology deployed in them. as only those currently available at a commercial level are
considered. Most data used for modelling was found in the Ecomvent database 3.0, and
decommissioning or waste treatment for baseline scenarios are not considered. Some
materials used for the assemblies might account for waste scenarios and would be mentioned
when it happens.

In order to account for the whole impact of the assembly and operation of the district heating
network. construction materials. equipment, and raw materials are included for all scenarios,
this means the construction phase is within the boundaries as described in [23]. Nevertheless,
this construction phase and all activities and materials are subject to data availability, which
15 limited due to the fact that all future scenarios are only proposals at the time this study was
made, so detailed plans for the reconstruction of the boiler house are not available. The
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distribution network, nodes, taps and pumps suffer from the same lack of information, as only
basic data regarding pipeline length and diameter are available, hence, 1t was necessary to use
the assembly data gathered 1n [23] for Belava parish, and use the same record for the modelled
parishes in this study. This assumption is made since Belava 1s a parish within the Gulbene
region and it 15 included in the Pilot energy strategy project.
For baseline scenarios:
— Oaly base load boilers are used.
— No changes in distribution network temperature profiles or AT between supply and
return lines.
— No changes in insulation technologies along the network, maintaining the same heat
losses trends.
— After any equipment replacement or maintenance, and renovation, the same boiler
technology 1s used, using the same fuel type and consumption rate.
— A low calorific value of 3.5 MWh/ton of woodchips 1s used for calculations.
A boiler efficiency of 89 % is used for the whole-time horizon [23].
Calculations for the amount (tonne) fuel consumption was carried out considering
previously mentioned values.
— No decommissioning phase was considered.

For 4GDH scenarios:
— Steady production and heat demand profile during the study lifetime.
— There are no changes in temperature profiles after the 4GDH system implementation.
— Steady production and heat demand profile during the study lifetime.

3.2. Life cycle inventory (LCI)

As the current DH infrastructure of each parish varies in terms of the type of boiler, fuel
and furnace, and boiler size, the infrastructure data was taken from Belava parish [22] since
this one was chosen as the Pilot development parish for assessing an 4GDH system in the
Gulbene Region. The main boiler house structure. pipelines, DH nodes and other accessories
such as valves, pumps and taps, were adjusted according to the size or length of each one
described 1n [23] as long as actual detailed design engineering data for future renovation or
refurbishment of these structures are not yet available and economic feasibility for most of
the projects 1s st1ll ongoing.

As described 1in the LCA of the Pilot energy strategy report for Belava, the data for common
assemblies (pipelines, boiler houses, nodes and materials for building refurbishment) were
gathered from certificates of manufacturers and then grouped into the corresponding material
and processes within the Ecoinvent 3 database. Some DH assemblies have an equivalent input
object in the Ecoinvent 3 database, but many do not. Such equipment, apparatus or accessories
missing in the database, were entered as the amount and materials required for their
production plus the process required to construct the assembly.

The whole inventory gathered for the LCA on the PES was divided into stages. for
organization and conceptual purposes. For the construction stage. the main groups, basic for
any DH system are pipelines, boiler house, DH nodes, pumps and accessories, furnaces, and
accumulation tanks. Other assemblies were built for each parish and scenario model. such as
solar plants, furnaces, accumulation tanks and contamers (for small capacity pellet boilers
when necessary). It must be mentioned that these groups only account for the production and
construction stage (see Fig. 1) as selected objects from the Ecoinvent 3 database correspond
to items allocated at the point of substitution (APOS). Thus, the use stage, including operation
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of the DH assemblies, and the energy use phase which contains the fuel extraction or
production. transport to boiler house and electricity or other energy use, is part of another
assembly within the model, named “operational phase™ in this LCA model. The same
approach was used for the user side, with the building refurbishment required for accepting
low temperatures under the future 4GDH scenarios.

A general example of how the assemblies were designed for inventory mput 1s shown 1
Table 1. The summary of stages/processes about a particular parish assembly which 1s
modelled 1n Simapro 1s displayed in Table 2.

TABIE 1. OPERATIONAL PHASE FOR STARI PARISH - 4GDH SCENARIO

Materials or Assembly Amount Unit

Roundwood, parana pine from sustainable forest management, under bark {GLO}| market for | 1104
APOS, U

Processes Amount Unit

Heat, district or industrial, other than natural gas {CH}| heat production, hardwoed chips from
forest, at furnace 300 KW | APOS, U

Electricity, medinm voltage {LV}| market for | APOS, U 231 MWh

3
m

200 MWh

As can be seen 1n Table 2, assemblies such as DH pipelines, and nodes, are adjusted to the
size or length of the specific parish taking as a base, the assembly inventory from Belava
parish. The operational stage 1s entered considering [23], which contains the mventory of
fuels and materials required for a year of operation under the scenario described in the
previous section.

TABLE 2. START4GDH SCENARIO MODEL

Material/Assemblies Amount, pieces
New Boiler House - No fumace 1

Old District heating Pipelines 061
DH nodes 061
Boiler pumps. taps, heat m, exch. & flow device 1
Node pumps and taps 0.61
Pipeline pumps, taps, heat meters, exch.. flow d 0.61
Stari 4GDH Scenario Op. Phase 25
Building renovation assembly 23533
Intermodal shipping container, 20-foot {GLO}| market for | APOS, U 1
Fumace, pellets, with silo, 300kW {GLO}| market for | APOS, U 0.83
Hot water tank, 6001 {GLO}| market for | APOS. U 21

The inventory for building renovation assembly, comprehend the materials required for
lowening the average specific heat consumption 1n a determined building from the current
state, down to the desired one in order for the inhabitants to enjoy the same temperature
comfort than achieved under the actual 3 generation DH system. The principle is simple. the
better the insulation, the lower the heat permeability (or heat loss), resulting in a lower
specific heat consumption per square meter. Typical materials for building refurbishments
towards 4GDH. and their environmental impact when used in these projects. are listed in [24]
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[25] and [26]. The average specific heat consumption for each parish under study 1s found 1n
[23]. as well as the calculated specific heat consumption required for future low-temperature
DH scenarios. having in mind the new temperature operational schedules in each one of them,
which are close to 6545 °C for supply and return lines respectively. In order to create a
material inventory for the refurbishment activities in the potential buildings under a possible
4GDH future scenario, previous projects for building renovations in Latvia were researched,
finding two with simnmlar specific heat consumption values to those in Gulbene region
(125-180 kWh/m?) [27].

A list of matenials and amounts (kg) required for the renovation of 1 square meter was
created and then adjusted to the different parishes in the present model (1.e. assembly
“Building renovation” 1n Table 2) considering two variables, the total heated area and the gap
between its current and future or desired specific heat consumption, which 1s usually between
70-90 kWh/m? for the modelled parishes. The assembly built to refurbish 1 m® and holding a
capacity to reduce the specific heat consumption 1n around 115 kWh/m® 1s shown 1n Table 3.

Other assemblies such as furnaces and accumulation tanks are entered independently and
according to the foreground data found in [23]. Such assemblies, including the use stage
(operational phase) and the building renovation one, encompasses the summary of the full
scenario to model, as seen in Table 2. Therefore, information for each parish is elaborated in
two tables. one for the baseline scenario and another one including the building refurbishment
and changes to the DH system (4GDH scenario).

TABLE 3. BUILDING RENOVATION ASSEMBLY

Material Amount, kg/m*
Polystyrene, extruded 0.62
Adhesive mortar 236
Gypsum plasterboard 3.80

Glazing, double, U<1.1 W/mE. laminated safety glass 020
Alloyd paint, white, without solvent, in 60 % solution state 034

Stone wool 31.36
Epoxy resin, liquid 968
Glass fiber 046
Ghued laminated timber, for indoor use 001
Orthophthalic acid based unsaturated polyester resin 0.06
Steel, chrominm steel 18/8 0.04
Soil for construction 64.46
Sand 11.49
Polystyrene foam slab for perimeter insulation 122
Concrete, normal 0.04
Acrylic filler 044
Ceramic tile 0.19
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3.3. Life Cycle Impact Assessment and Interpretation

The LCI gathered was used for the simulation in Simapro in accordance with the defined
functional unit. The following results are presented in a comparative way for the baselme and
for the proposed 4GDH scenaros. First, the environmental impact assessment 1s presented at
midpomt level (kg of substance equivalent) in Table 4 where specific midpoint categories
results are displayed: then a damage assessment graph is presented for comparing the
environmental toll of each Life Cycle stage in the different endpoint impact categories or
areas of concern. The Life cycle stages have been divided into three groups: 1) construction
phase including the production stage and transport of materials required for building the DH
system: 2) operational phase mncluding the energy use and operational processes for running
a DH system: 3) building renovation accounting for the materials and its transport, for
refurbishment at the end-user side. After analysing the life cycle stages. a damage assessment
15 shown 1n terms of Eco-indicator points, kPt, 1 relation to the FU. This damage assessment
presents result m the main four areas of concern evaluated within the IMPACT 2002+
methodology: human health, ecosystem quality, climate change and resources. Finally, within
the parishes and scenarios evaluation, hotspots are identified by comparing the Life Cycle
stages and their total environmental burden.

TABLE 4. CHARACTERIZATION RESULTS COMPARISON BETWEEN DH TECHNOLOGIES

Impact category Unit IGDH 4GDH Change
Carcinogens kg C:HiCleg 23595945 2596420 474
Non-carcinogens kg C:HiCleq 12 830 261 12268 175 —562 086
Respiratory inorganics kg PM::eq 608 624 276023 —332 601
Ionizing radiation BqC-ldeq 1.28E+09 1.25E+09 —2.99E+07
Ozone layer depletion kg CFC-112q 12.3 10.3 -2.0
Respiratory erganics kg CiHseq 116 518 94 036 —22 433
Aquatic ecotoxicity kg TEG water 9 71E+10 9.25E+10 —4.60E+09
Terrestrial ecotoxicity kg TEG soil 3A3E+10 3.26E+10 -1.7T2E+H09
Terrestrial acid/mutri kg 50n eq 5794 645 4625 667 -1168 978
Land occupation m’ org. arable 95 823 050 40678 584 =35 144 466
Aquatic acidification kg SOneq 950 161 202 406 —147 755
Aquatic eutrophication kg PO4 P-lim 91312 29 408 —1904
Global warming kg CO:eq 85035081 74 669 357 —11 265 724
Non-renewable energy MT primary 1.56E+09 1.38E+09 -1.75E+08
Mineral extraction MTI surplus 6 846 417 T056 832 210 415

Implementation of Low Temperature District Heating system has proven to have an overall
environmental benefit in almost all categonies but carcinogens and mineral extraction, where
the increase related to the development of a 4GDH system 1s in the order of 0.02 % and
2 98 %, respectively. On the other hand, the respiratory inorganics category shows a 54.65 %
reduction, Respiratory organics and Terrestrial acidity have a 20 % reduction and land
occupation category has the largest decrease with a reduction in the required area for
extracting raw materials of 55 144 466 m’, a 57.55 % drop. The changes per impact category
can be seen in Fig_ 2.
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Fig. 2. Charactenization comparison between impact categories.
The life cycle stages and their associated environmental toll 1s shown in Fig. 3, where the
operational phase under the current circumstances (3™ generation district heating system) is

easily identified as the main hotspot among the stages. On the other hand, the refurbishment
required on the end-user side has little impact when compared to other life cycle phases.

Building renovation for 4G DH
4G DH Construction
3G DH Construction

4G DH Op. Phase

I
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i
EEEEsE——
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B Human health ®Ecosystem quality ®Climate chanpe B Resources
Fig. 3. Damage assessment for life cycle stages.

The aggregated difference at endpoint categories, or areas of concern, 1s shown 1n Fig. 4.
In the human health area, the one with the highest environmental toll. the reduction of moving
from a 3GDH to a 4GDH system. is equal to 30 %. The total environmental score for the
human health area under the current conditions in Gulbene region, deliver 66.24 kPts for the
analysed FU, while under a 4GDH system the resulting score 1s 33.18 kPts. Although the
reduction percentage in other areas are not as high as the observed for the human health one,
st1ll benefits from moving towards a 4GDH are found in the three remaining areas under the
IMPACT 2002+ methodology.
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It 1s important to clear up the concept of a point (Pt) in the IMPACT 2002+ methodology.
A point 1s equal to the average impact caused by a person in a specific category during one
year m Europe, while on the contrary, for the human health category, a point represents the
average impact on a person 1 the course of one year. Thus, 1f an 1mpact of 3 points 1n climate
change, ecosystem quality or resources 15 found. it would exemplify the average annual
impact caused by 3 Europeans.
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Fig. 4. Weighted damage assessment comparison at end point categories.

Finally, the total single score for each model 1s plotted in Fig. 5, where the combined results
in each area of concern are presented. The 3GDH system gives a total score of 113.45 kPts,
and the 4GDH system 72.62 kPts, showing a total reduction of 40.83 kPts, representing an
environmental impact reduction of 36 %.
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Fig. 5. Weighted damage assessment comparison at end point categories.

4. CONCLUSIONS

Results from the LCA undertaken in this study show the potential benefits in almost all
impact categories recommended 1n [17], with only the mineral extraction category
(represented as “MJ surplus™, see Table 4) showing an actual negative impact of moving from
the current district heating system running i the Gulbene region to a 4GDH system. This 1s

297



Environmenial and Climate Technologies

2020724

due to the necessity of refurbishment in the buildings where a 4% generation DH system is to
be deploved. as materials required for 1t (see Table 3) represents an energy increase from the
extractive activities. and to the fact that there are parishes where the thermal energy consumed
during the heating season 1s nowadays being purchased from external companies but under
the 4GDH scenario, the construction of new facilities and local heat production activities are
considered.

The environmental benefit of implementing low-temperature district heating systems comes
mainly from reduction in the amount of fuel required for operation and from moving from
fossil non-renewable energies towards renewable ones as biomass for this case. The use of
renewable energies 1s the key aspect 1n 4GDH systems, since it was determmned from the
results for the Lizums parish, that using fossil fuels, even for a low-temperature scenario,
results in higher damage values to the resources and climate change areas than in other
parishes where thermal energy 1s 100 % obtamed from renewable sources such as biomass.

The building refurbishment activity is another aspect to pay special attention to. The
amount of materials required to lower the specific heat consumption per area depends on the
current building insulation condition. If the area to refurbish 1s too large, and the 1mitial
specific heat consumption value 1s also high, the environmental impact from this activity
could be quite large, even larger than the DH system construction itself (as it was identified
during single LCA for the 4GDH scenarios in some parishes). However, 1f 3GDH systems are
already operating in a municipality, the aggregated impact from undertaking refurbishment
tasks in the buildings will be overlapped 1n the long term by the benefits of operating under
a lower temperature profile when the heat 1s generated from biomass.
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