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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. 
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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. 
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ANOTĀCIJA 

Šī disertācija novērtē ilgtspējību pārtikas piegādes ķēdēs (FSC), risinot nepieciešamību pēc 

visaptverošiem novērtēšanas rīkiem. Pārtikas rūpniecībai ir nozīmīga loma sociālajā līmenī un, 

vienlaikus, būtiska loma globālās vides degradācijā, mežu izciršanā, siltumnīcefekta gāzu 

emisijās un saldūdens patēriņā. Pārtikas piegādes ķēdes, īpaši gaļas un zivju produkti, pieprasa 

ievērojamu enerģijas patēriņu, radot daudzus ilgtspējības izaicinājumus. Pašreizējās metodes 

ilgtspējības novērtēšanai pārtikas piegādes ķēdēs bieži ignorē ilgtspējības daudzdimensiju 

raksturu, galvenokārt koncentrējoties uz vides aspektiem, neņemot vērā ekonomiskos un 

sociālos aspektus. 

Šis pētījums integrē Dzīves Cikla Domāšanas pieeju, lai holistiski novērtētu pārtikas 

piegādes ķēžu vides, ekonomiskos un sociālos ietekmes aspektus. Pētījums piedāvā 

metodoloģisko ietvaru, kas apvieno Dzīves Cikla Novērtējumu (LCA), Dzīves Cikla Izmaksu 

aprēķinu (LCC) un Sociālo LCA. Izmantoti liellopu gaļas un zivju auksto piegādes ķēžu 

gadījumu pētījumi, lai novērtētu pamatscenārijus un energoefektivitātes pasākumus, tostarp 

anaerobo gremošanu un atjaunojamās enerģijas integrāciju. Rezultāti liecina par būtiskām vides 

un ekonomiskajām priekšrocībām šajos pasākumos, īpaši oglekļa pēdu samazināšanā un 

enerģijas izmantošanas efektivitātes uzlabošanā, izmantojot aprites ekonomikas un industriālās 

simbiozes principus. 

Doktora disertācija uzsver nepieciešamību pēc elastīgām un kontekstuāli specifiskām LCA 

robežām, kas ļauj pielāgot energoefektivitātes pasākumus pārtikas piegādes ķēdēs. Izstrādātais 

Dzīves Cikla Ilgtspējības rīks (LCST) papildus atbalsta piegādes ķēžu vadītājus un lēmumu 

pieņēmējus, nodrošinot precīzus inventarizācijas datus un vizuālos izvadus, kā arī integrējot 

ekonomiskos rādītājus, piemēram, tīro pašreizējo vērtību (NPV) un iekšējo atdeves likmi (IRR). 

Šis rīks ir validēts, izmantojot praktiskus gadījumu pētījumus, pierādot tā efektivitāti 

ilgtspējības novērtēšanā un uzlabošanā auksto pārtikas piegādes ķēdēs. Noslēgumā disertācija 

sniedz ceļvedi politikas veidotājiem un nozares dalībniekiem, lai sasniegtu ilgtspējības 

transformācijas, pārvarot plaisu starp teorētiskajiem konceptiem un praktisko pielietojumu. 

Dokuments sastāv no piecām galvenajām nodaļām. 

1. nodaļa sniedz ievadu, izklāsta pētījuma hipotēzi, galvenos mērķus, kā arī ilgtspējības 

novērtēšanas aktualitāti dažādās nozarēs. 

2. nodaļa piedāvā plašu literatūras pārskatu, pētot pārtikas piegādes ķēžu vides ietekmi un 

pašreizējās ilgtspējības novērtēšanas metodes. Tā apspriež esošo rīku ierobežojumus un izvirza 

nepieciešamību pēc holistiskas, dzīves cikla pieejas, lai risinātu šos trūkumus. 

3. nodaļa izklāsta metodoloģiju, tostarp LCA, LCC un S-LCA izstrādi un integrāciju 

pārtikas piegādes ķēžu kontekstā. Šī nodaļa detalizē atlases parametrus gadījumu pētījumiem 

un galvenās metodoloģiskās izvēles pārtikas auksto piegādes ķēžu gadījumos.  

4. nodaļa prezentē gadījumu pētījumu rezultātus un analīzi, koncentrējoties uz 

energoefektivitātes pasākumu (EEM) vides un ekonomisko ietekmi liellopu gaļas, zivju un olu 

piegādes ķēdēs. Atklājumi uzsver aprites ekonomikas stratēģiju ievērojamo potenciālu 

enerģijas patēriņa samazināšanā un ilgtspējības veicināšanā. 

5. nodaļa ievieš Dzīves Cikla Ilgtspējības rīku (LCST) un izskaidro tā praktisko 

pielietojumu lēmumu pieņēmējiem. Nodaļa apspriež, kā rīks integrē galvenos veiktspējas 
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rādītājus, vizuālos izvadus un ekonomiskos rādītājus, lai vadītu politikas un nozares lēmumu 

pieņemšanu. 

6. nodaļa noslēdz disertāciju, apkopojot galvenos rezultātus un piedāvājot ieteikumus 

turpmākajiem pētījumiem un politikas ieviešanai, lai uzlabotu pārtikas piegādes ķēžu 

ilgtspējību. 
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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: 

• Hypothesis 1 (H1): An integrated LCT framework can systematically identify 

sustainability hotspots and intervention opportunities across different stages of 

FSCs, enabling the implementation of targeted measures such as energy efficiency 

improvements and side-stream valorization that can potentially reduce 

environmental impacts while maintaining economic viability. 

• 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. 

• 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: 

• 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 

• 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. 

• 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. 

• 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 
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(SMEs) 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: 

• Analysis of existing sustainability assessment models: A comprehensive review 

and critique of current models and methodologies in assessing FSC 

sustainability. 

• Development of a quantitative framework: Crafting a novel framework that 

integrates environmental, economic, and social dimensions of sustainability in a 

quantifiable manner, specifically tailored to the unique characteristics of FSCs. 

• Case studies in specific FSC sectors: Applying the developed framework to 

selected case studies within the FSC, covering stages such as agriculture, 

processing, distribution, and retail, to illustrate its applicability and 

effectiveness. 

• Consideration of diverse geographical contexts: While the research will aim to 

be globally relevant, particular attention will be given to European supply 

chains, considering data availability and the significance of the food supply 

chain in those areas. 

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

certain limitations are inherent in its scope and methodology. 

• Data availability and reliability: The accuracy and comprehensiveness of the 

sustainability assessment are contingent upon the availability and reliability of 

data across different stages of the FSC. 

• Methodological constraints: The complexity of integrating various sustainability 

dimensions into a single quantitative framework may pose challenges, 

particularly in balancing depth and breadth of analysis. 

• Generalizability: While the framework developed in this research aims to be 

adaptable across various sectors of the FSC, its applicability may vary 

depending on specific industry characteristics and geographical contexts. 

• Temporal scope: The research will focus on current and recent data; thus, long-

term sustainability trends and future projections may not be fully captured. 

• Interdisciplinary challenges: Given the interdisciplinary nature of sustainability 

assessment, spanning environmental science, economics, and social sciences, 

synthesizing these diverse perspectives into a cohesive framework presents 

inherent challenges. 

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

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

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

chains.  
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1.6. Research framework 

This Doctoral Thesis employs a structured research framework that transforms the 

conceptual foundations of life cycle thinking (LCT) into a practical, operational methodology 

tailored to the food industry. The framework follows a logical sequence: starting with an 

evaluation of existing sustainability assessment practices, moving through the development and 

application of a new methodology, and concluding with both theoretical advancements and 

practical contributions. Part of the framework was developed during the author’s participation 

in the Improving Cold Chain Energy Efficiency (ICCEE) project, funded by the European 

Union’s Horizon 2020 research and innovation programme under grant agreement No. 847040. 

This collaboration enriched the methodological design and strengthened the empirical 

dimension of the study through direct industry engagement. 

The Thesis is structured into five research steps, which sequentially cover the literature 

review, methodology development, case study applications, results and discussion, and final 

conclusions with recommendations. Each chapter builds on the previous one, ensuring a 

coherent progression from the identification of research gaps to the validation and refinement 

of the proposed methodology. This structure guarantees both theoretical depth and practical 

relevance, culminating in a comprehensive understanding of the implications for sustainable 

food supply chain management. 

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: 

• 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. 

• 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. 

• 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. 

• Step 4: Refinement of the LCT methodology  

Insights gained from the case studies are used to refine and strengthen the proposed 

methodology. The iterative process enhances robustness, usability, and adaptability, resulting 

in the development of the life cycle sustainability tool (LCST). This refinement ensures 
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methodological consistency, standardized indicators, and practical relevance for both 

policymakers and industry practitioners, including SMEs. 

Reflecting this framework, the Thesis is structured into chapters covering the literature 

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

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

interplay between theoretical reasoning and empirical validation.  

1.7. Approbation of the research results 

1. 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). 

2. 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/RTUCON53541.2021.9711739. 

3. 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). 

4. 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). 

5. Ruiz, M. & Diaz, F. Life Cycle Sustainability Evaluation of Potential Bioenergy 

Development for Landfills in Colombia. Environmental and Climate Technologies 

26, 454–469 (2022). 

6. Diaz, F., Pakere, I. & Romagnoli, F. Life Cycle Assessment of Low Temperature 

District Heating System in Gulbene Region. Environmental 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, I., Diaz, F., Resnais, P., Radziņa, 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, “The 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.. 

 

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]. 
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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). 

 

Fig. 2.2. Current status for all nine planetary boundaries [9]. 

In 2015, Bjørn 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). 

 
Fig. 2.3. Documents by subject area. 
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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. 

 

 
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”, 

“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. 

 
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]. 

 
Fig. 2.8. Literature expansion for content analysis. 
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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 

LCA based methods 26 

[31], [29], [32], [33], [34], [35], [36], [37], [38], 

[39], [40], [41], [42], [43], [44], [45], [46], [47], 

[48], [49], [50], [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 
[25], [58], [69], [70], [71], [72], [73], [74], [75], 

[76], [77], [78], [79], [80] 

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

Comparative analysis 2 [29], [81] 

Case study-based methods 5 [27], [82], [83], [84], [85] 

Indicator-based evaluations 3 [86], [87], [88] 

Descriptive/qualitative analysis 1 [89] 

Econometric/statistical models 3 [90], [91], [92] 



 

31 

 

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. TfS 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. TfS 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 III 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: i) 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 CO2 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 CO2 

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 

CO2 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 CO2 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 m3, 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 

CO2 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]. 



 

39 

 

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. 

 
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: 

• 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. 

• 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. 

• 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. 

• 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. 

• 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]. 

Select database for Lit. 
Review (Scopus)

Input search string: TITLE-ABS-KEY ( 
"sustainability index" OR "sustainability 

evaluation" AND "food industry" OR 
"food supply chain" )

Expand the research query by switching to the 
string:  TITLE-ABS-KEY ( "sustainability 

index" OR "sustainability 
evaluation" OR "sustainability assessment" AND "food 

industry" OR "food supply chain" ) AND PUBYEAR 
> 2009 AND PUBYEAR < 2023           

25 documents

84 documents

Identification of initial 
studies

Identification of further 
studies

Identification of further 
studies

Identification of new 
studies via AI (Research 

Rabbit)
40 documents

Screening

Records screened - Reports removed
= Records for retrieval
- Records not retrieved

= Reports assessed for eligibility
- Records excluded for different reasons

Records removed 
before screening 

(duplicates, 
ineligible, not 
conforming)

Documents 
included in review

Included 95 documents

 

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]. 

 
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: 

• 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. 

• 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. 

• 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. 

• 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. 

• 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. 

• 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. 

• 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. 



 

47 

 

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.). 

Research Design

Suppliers

Processing Warehouse Transport Distribution center

Transport

Retailer

Investments in energy eff. 
measures

Externalities

Global warming potential

Water Scarcity

 
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 CO2 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: 

• helps to make choices considering environmental, economic & social impacts on a 

product’s life. 

• allocates responsibilities to those involved when deciding on a product's design, 

production, and consumption policies and procedures. 

• 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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• companies can use results to direct products/ processes towards sustainability 

through ‘cleaner’ products/process options (eco-design). 

• enhances company environmental/ occupational H&S, risk and quality 

management. 

• secures governmental initiatives for strengthening the industrial and service sectors 

to responsibly protect the environment and society. 

• 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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Fig. 3.6. Integrated research methodology into a life cycle sustainability framework. 
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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): 

• baseline scenario; 

• energy recovery scenario through the transformation of biowaste into biogas 

with subsequent cogeneration of heat and power (CHP) (EEM-1); 

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

• 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. 

Breeding and 
slaugthering

Transport
Processing and 

storage
Refrigerated 

transport

Storage at dist. 
center

Refrigerated 
transport to retailer

Retailer storage

 
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 description1. 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, m² 0.000221833 0.00031 

 

  

 
1 Article 1: Effects of Energy Efficiency Measures in the Beef  
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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, m² 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, m² 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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Fig. 4.4. Fish supply chain system boundaries. 

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 ⁰C when assuming a superchilled 

cooling technology and +2 ⁰C 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 EMMs 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 

 

 

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. 

Impact category Unit Processing 
Transport to 

distr. center 

Distribution 

center 

Transport to 

retailer 
Retailer 

Carcinogens kg C2H3Cl eq 4.8E-03 8.6E-04 1.4E-06 1.8E-04 1.8E-03 

Non-

carcinogens 
kg C2H3Cl eq 3.2E-03 3.1E-03 1.7E-06 6.4E-04 2.3E-03 

Respiratory 

inorganics 
kg PM2.5 eq 1.5E-04 1.4E-04 1.3E-07 2.9E-05 1.8E-04 

Ionizing 

radiation 
Bq C-14 eq 0.91 1.17 0.00 0.24 2.66 

Ozone layer 

depletion 
kg CFC-11 eq 9.9E-09 2.7E-08 2.4E-11 5.6E-09 3.3E-08 

Respiratory 

organics 
kg C2H4 eq 1.1E-04 7.3E-05 4.2E-08 1.5E-05 5.7E-05 

Aquatic 

ecotoxicity 
kg TEG water 14.33 15.75 0.02 3.23 23.41 

Terrestrial 

ecotoxicity 
kg TEG soil 3.86 11.54 0.00 2.36 5.51 

Terrestrial 

acid/nutri 
kg SO2 eq 2.3E-03 3.1E-03 2.9E-06 6.4E-04 4.0E-03 

Land occupation m2org.arable 1.6E-02 1.7E-02 3.5E-05 3.4E-03 4.8E-02 

Aquatic 

acidification 
kg SO2 eq 6.8E-04 5.8E-04 8.4E-07 1.2E-04 1.1E-03 

Aquatic 

eutrophication 
kg PO4 P-lim 2.1E-05 1.4E-05 1.2E-08 2.8E-06 1.7E-05 

Global warming kg CO2 eq 0.17 0.15 0.00 0.03 0.21 

Non-renewable 

energy 
MJ primary 3.90 2.38 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 

 

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. 4.5. Single score results for the baseline scenario 

 

 
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 µPt (6.8 %), the 

EEM-1 could potentially reduce the impacts by 69.2 µPt (34.3 %) in this FSC. 

 
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: 

𝑐𝑟 =
(𝑠0−𝑠1)

𝑠0
     (Equation 1) 

where: 

Cr = Relative change. 

s0 = 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]2.  

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 m2 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, Iecava, 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. 
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Table 4.8. Core process LCI. 

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

Food processing 

Water m³ 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 m³ 4.09E-03 3.21E-03 3.85E-03 

Diesel (internal) Euro4 vehicle l 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 l 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.1 

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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Fig. 

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 CO2eq/kg 

eggs, while eggs No.2 and eggs No.3 had a total impact of 2.94E+00 kg CO2eq/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. 

 
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. 

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

Food waste 
collection and 

sorting

CHP

Biogas Upgrade

Energy and 
materials

Sludge

Foreground system

Anaerobic digestion

Emissions

Electricity

Heat

 
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 
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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). 

 
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' CO2 and H2S 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]. 

A H AC K =      (Equation 2) 

where, 

CA: molar concentration of an A gas in the liquid; 

KH: Henry's constant; 

ρA: 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 CO2 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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where, 

Qw: water flow needed in the column; 

QCO2: molar flow to be removed from the biogas; 

CCO2: 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 

Municipal waste collection service by 21 

metric ton lorry 
5.48E05 tkm 

Water 365 t 

DOC in FW 15  %  

Electricity (internally supplied from CHP) 1.47E+06 kWh 

Heat (internally supplied from CHP) 12337 MJ 

Sludge from anaerobic digestion 

(emission) 
30438 t 

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   

Construction work, heat, and power 

cogeneration unit, 160 kW 
0.625 p 

Lubricating oil 2663.7 kg 

Carbon dioxide, biogenic (emissions) 4972150.7 kg 

Carbon monoxide, biogenic (emissions) 14206.1 kg 

Particulates, < 2.5 um (emissions) 13.3 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. 

 
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. 

 
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. 

 
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. 

 
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 CO2 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. 

 
Fig. 5.2. Input parameter interface (2).  
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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: 

• GWP expressed in kilograms of CO2 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 (CO2). 

• 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]. 

• Water scarcity in m3 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) × 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟(
𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠

𝑘𝑔
)

 (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 MJ/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: 

• Net present value (NPV): the difference between investment and the total present 

value of future net income (net cash flow). 

𝑁𝑃𝑉 =
𝑅𝑡

(1+𝑖)𝑡
      (Equation 5) 

where, 

NPV = net present value, 

Rt  = net cash flow at time t, 

i = discount rate, 

t = time of the cash flow 

• 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. 

0 = 𝑁𝑃𝑉 = ∑
𝐶𝑡

(1+𝐼𝑅𝑅)𝑡 − 𝐶0
𝑇
𝑡=1     (Equation 6) 

where: 

Ct = net cash flow during the period t 

C0 = total initial investment costs 

IRR = the internal rate of return 

t = the number of time periods 
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• Profit index (PI): is a ratio between the total present value (PV) of future income 

and initial investment. 

𝑃𝐼 =
𝑃𝑉 𝑜𝑓 𝑓𝑢𝑡𝑢𝑟𝑒 𝑐𝑎𝑠ℎ 𝑓𝑙𝑜𝑤𝑠

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
    (Equation 7) 

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: 

• Social NPV (SNPV): It shares the exact definition of NPV but includes additional 

damage costs in the evaluation. 

• 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 m³) 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: 

• water consumption; 

• electricity consumption; 

• other energy sources consumption; 

• refrigerants (annual pre-charge); 

• 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: 

• distance traveled by each vehicle; 

• travel time; 

• amount of product transported per vehicle; 

• the electrical power required for refrigeration and ventilation in independent units 

(if any); 

• 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): 

• Total impact of the evaluated cold chain for the three impact categories, and, 

• Impact per functional unit (FU) for all impact categories 
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Fig. 5.3. General output table for LCA results. 

• 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." 

 
Fig. 5.4. Process contribution chart. 

• 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. 

 
Fig. 5.5. LCA results table per FSC stage. 

• Figure 5.6 displays the proportional contribution of each process within the 

evaluated impact categories. 

GWP (kg CO2 eq) CED (MJ)
Water scarcity(m3 

eq.)

GWP (kg CO2 eq) CED (MJ)
Water scarcity

(m3 eq.)

10.78                 0.85                         

Total impact across the cold chain

Total impact per kg transported (FU)

57,167               4,246                       

0.68                        

3,603                      

No.

Cold Chain 

stages

GWP 

(kg CO2 eq)/FU

Cum. GWP 

(kg CO2 eq)/FU
CED (MJ)/FU per stage

Total  

CED (MJ)/FU along stages

Water scarcity

(m3 eq.)/FU

Cum. Water scarcity

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

• Finally, three charts presenting the cumulated impact across subsequent stages are 

displayed to show the user how different outputs behave downstream of the FSC. 

 
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. 

 
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. 

 
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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• Improvement in ventilation and lighting systems; 

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

• Changes in equipment directly affecting the refrigeration systems; 

• Improvements to the building in terms of insulation, installing curtains or separated 

compartments; 

• Deployment of new energy recovery technologies. 

• Behavioural changes from the staff resulting in energy savings; 

• Improvement in maintenance procedures; 

• Operational changes; 

• Technological improvement of monitor and control laces; 

• Direct changes in the refrigeration systems 

• 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). 

 
Fig. 5.10. C-LCC output indicators visualization. 
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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: CO2 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. 

 
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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