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Abstract 

Global food systems are increasingly vulnerable to climate change, energy 

volatility, and geopolitical disruptions—threatening the security and stability of 

perishable supply chains. This thesis investigates the potential of aseptic packaging 

technologies, specifically ultra-high-temperature (UHT) treatment and sterile 

filling, as a means to reduce energy consumption and enhance resilience in the dairy 

sector. Using milk as a representative case study, a comparative analysis was 

conducted between aseptic and conventional cold-chain preservation methods in the 

Swedish and broader European context. 

A mixed-methods approach was employed, combining literature review, 

quantitative energy benchmarking, and modeling across five supply chain 

disruption scenarios. Results demonstrate that aseptic systems offer lower total 

energy demand by eliminating the need for continuous refrigeration post-

processing. Shelf life is significantly extended—from 7–14 days for refrigerated 

milk to 6–9 months for aseptic alternatives—substantially reducing food waste in 

storage and transport. Scenario analysis showed that aseptic systems outperformed 

refrigerated logistics under conditions such as transport delays, power outages, and 

prolonged storage. 

While minor trade-offs exist in terms of sensory attributes and vitamin retention, 

aseptic packaging maintains microbial safety and product integrity, making it well-

suited for crisis preparedness. However, economic and regulatory barriers still 

hinder broader adoption, particularly for small- and medium-sized processors. 

This research concludes that aseptic technologies are a scalable, energy-efficient, 

and resilient preservation strategy. Their integration into food systems can 

contribute significantly to Sustainable Development Goals related to climate action 

and sustainable consumption, positioning them as vital tools in the transition toward 

future-proof food logistics. 

Keywords: Aseptic Packaging, UHT Milk, Energy Efficiency, Supply Chain 

Resilience, Food Preservation, Cold Chain Disruption, Sustainable Food Systems. 
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1 Introduction 

This chapter includes the thesis's background, problem, aim, and research 

questions, along with its scope and delimitations. An overview of the thesis's 

organization can be found at the end of the section. 

1.1 Background 

In the 21st century, global food systems face mounting pressures from multiple, 

interconnected crises — including climate change, geopolitical conflict, economic 

instability, and fluctuating energy markets (Faramarzi, Coburn and Sarhadian, 2000; 

Kogan, 2025; World Bank, 2025c). These overlapping challenges not only deepen 

food insecurity but also compromise the resilience and sustainability of supply 

chains worldwide (FAO and WHO, 2023; GRFC, 2025). Food security, defined as 

consistent access to adequate, safe, and nutritious food, is increasingly under threat, 

requiring urgent strategies to build more robust and adaptive systems (World Bank, 

2025b). 

Among the most disruptive forces is climate change. Rising global temperatures and 

erratic weather patterns are reshaping agricultural outputs, with maize yields alone 

projected to decline by 24% by 2030 (Kogan, 2025). Events such as the 2025 floods 

in Valencia, which completely destroyed local crops, illustrate how extreme weather 

can derail food production and supply logistics. Agriculture, while vulnerable to 

climate impacts, is also a major contributor to the crisis, accounting for 26% of 

global greenhouse gas emissions. Within the food sector, refrigeration and other 

preservation techniques contribute significantly to the carbon footprint (Ritchie, 

Rosado and Roser, 2022; Shabir et al., 2023). Transportation alone generates up to 

5% of food system emissions, while nearly one-third of food produced globally is 

lost during transit or storage — an inefficiency with severe environmental and social 

implications (GRFC, 2025). 

Geopolitical instability further compounds these vulnerabilities. In 2024, conflicts 

in regions such as Sudan, Gaza, and Yemen drove approximately 295 million people 

into acute food insecurity, with Sudan experiencing its first confirmed famine since 

2020 (World Bank, 2025c). Disruptions in trade have also destabilized global grain 

flows, with maize prices rising by 9% annually due to production volatility in key 

exporting regions. For low-income nations already strained by inflation, food 
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affordability has worsened, with 78.9% of such countries reporting food price 

inflation above 5% (World Bank, 2025b). Meanwhile, humanitarian food aid is 

expected to decline by 45% in 2025, highlighting critical funding shortages (GRFC, 

2025). 

Economic shocks, particularly those related to energy price volatility, present 

additional stressors. In East and Central Africa alone, more than 110 million people 

experience food insecurity primarily due to inflation and economic instability 

(World Bank, 2025c). Yet only 3% of global development funding targets food 

systems resilience, compared to 33% directed toward humanitarian assistance, a 

stark imbalance that underscores underinvestment in long-term solutions (World 

Bank, 2025c). 

As a result, there is growing interest in technologies that can curb energy use, reduce 

waste, and lengthen product shelf life. Traditional preservation techniques, 

including refrigeration, freezing, and thermal treatments, remain highly energy-

intensive. Refrigeration alone accounts for 5% of emissions in the food system, 

while processes such as ultra-high-temperature (UHT) treatment demand significant 

gas and electricity inputs (Atuonwu et al., 2018). Newer alternatives like high-

pressure processing (HPP) and pulsed electric field (PEF) technologies have shown 

even higher energy usage — up to 24–26 times more electricity than thermal 

methods — and produce 7–8 times more greenhouse gas emissions per kilogram of 

food (Atuonwu et al., 2018) 

The fragility of current systems has been further exposed by recent global events. 

In 2023, labor and logistics breakdowns led to 31% of the U.S. food supply being 

wasted, amounting to 63 million tons (ReFED, 2025). Simultaneously, wheat 

exports from Ukraine dropped by 40%, causing global price spikes of 15–20%, 

particularly affecting import-dependent regions (FAO and WHO, 2023; World 

Bank, 2025a). Globally, inefficiencies in transport and storage systems contribute 

to the 1.4 billion tons of food wasted annually. Perishable products such as fruits 

and vegetables are particularly vulnerable, accounting for nearly half of total waste 

due to insufficient cold chain infrastructure in many developing regions (Dupont, 

Anas el Ahmar, and Jacques Guilpart, 2020; World Bank, 2025c). 

In light of these issues, aseptic processing and packaging technologies offer a 

promising but underutilized solution. These systems sterilize both the food product 

— typically via UHT treatment — and its packaging separately, before sealing them 

in a sterile environment (MacVarish, 2025; Tetra Pak, 2025). This method enables 

long shelf life without the need for refrigeration, reducing reliance on cold chains. 

For example, UHT milk in aseptic cartons can be stored at ambient temperatures for 

6–12 months, whereas conventionally pasteurized milk typically lasts only 7–14 

days (Ziyaina et al., 2018; Hygiena International Ltd, 2021). Packaging innovations, 

such as Tetra Pak’s paper-based barrier solutions, have reduced aluminum content 

by 99% and cut the packaging’s carbon footprint by 33% (Lyubomirova, 2023). In 

one 2023 case study, Lactogal reduced packaging-related emissions for chocolate 
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milk from 15g to 10g CO₂eq per liter using aseptic cartons(Lyubomirova, 2023). 

Nonetheless, high initial capital costs remain a key challenge (Bashir et al., 2022). 

This thesis, developed in collaboration with the FORCE Center for Resilient Food 

Systems and industrial partners including Tetra Pak, Orkla, and Lantmännen, 

investigates the role of aseptic technologies in reducing energy demand, extending 

shelf life, and enhancing supply chain resilience, particularly for perishable foods. 

By examining energy efficiency, product suitability, and barriers to wider adoption, 

this research aims to provide actionable insights that support the transition to 

sustainable, low-carbon food systems. 

By addressing the nexus of food preservation, energy efficiency, and supply chain 

resilience, this study aligns with broader sustainability goals, particularly 

Sustainable Development Goal 12 (Responsible Consumption and Production) and 

Goal 13 (Climate Action). However, a full-scale policy review or detailed global 

emissions modeling remains beyond the scope of this work. 

1.2 Problem 

Current food systems are increasingly vulnerable to the combined effects of climate 

change, conflict, and economic shocks, which continue to disrupt production and 

highlight the limitations of conventional preservation strategies (GRFC, 2025; 

Kogan, 2025; World Bank, 2025c). Refrigeration-dependent cold chains, while 

essential, are highly energy-intensive and contribute significantly to greenhouse gas 

emissions and food loss, with milk alone experiencing post-harvest losses exceeding 

40% in some developing regions (Ritchie, Rosado and Roser, 2022; GVR, 2023). 

Aseptic processing presents a viable low-emission alternative, yet its potential to 

strengthen the resilience of dairy supply chains remains insufficiently studied. 

While prior research emphasizes its technical and economic advantages, few have 

assessed its broader impact on energy efficiency or adaptability within real supply 

chain conditions (Huang et al., 2024). This thesis seeks to bridge that gap by 

examining aseptic technologies as a lever for building more sustainable and shock-

resistant food systems. 



20 

1.3 Purpose and Research Questions 

1.4 Purpose 

This study has a fourfold purpose. First, it examines the energy efficiency of aseptic 

technologies compared to traditional preservation methods, with a focus on their 

potential to reduce energy consumption. Second, it evaluates the impact of aseptic 

processing on product shelf life and quality, identifying food types that are most 

compatible with this approach. Third, the research models the role of aseptic 

technologies in strengthening supply chain resilience and improving food security, 

especially under disruptive conditions. Finally, it investigates the key barriers—

technical, economic, and regulatory—that hinder widespread adoption, and suggests 

strategies to support broader integration of these technologies within the food sector. 

1.5 Research Questions 

1. How do aseptic technologies compare to conventional preservation methods in 

terms of energy consumption? 

2. What are the effects of aseptic processing on the nutritional quality and sensory 

attributes of food, and which products are most suitable for such treatment? 

3. How could the adoption of aseptic technologies contribute to reducing food 

waste and enhancing supply chain resilience? 

4. What technical, economic, and regulatory challenges must be addressed to 

enable broader implementation of aseptic technologies? 

5. How do aseptic and conventional preservation systems perform under different 

disruption scenarios, and what can be learned from comparative modeling to 

inform resilient supply chain strategies? 

1.6 Scope and Delimitations 

This study assesses the potential of aseptic technologies to lower energy demand 

and extend storage duration in food supply chains, with a specific focus on the 

segment between processing and retail. The analysis centers on dairy and beverage 

products within Europe, with milk in the Swedish market selected as the primary 

case due to its high perishability and reliance on cold chain logistics. 
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The research compares aseptic processing with conventional preservation 

methods—primarily refrigeration—using energy efficiency, shelf life, and supply 

chain resilience as core evaluation criteria. Product quality and safety are addressed 

through existing literature, without conducting laboratory experiments or 

biochemical testing. 

Environmental impacts are considered in terms of energy use and food waste 

reduction, while a full lifecycle assessment and the consumer or end-of-life phases 

are excluded. The system boundaries of this study are outlined in Figure 1, which 

illustrates the processes and flows included in the comparison of aseptic and 

conventional supply chains.  

 

Figure 1: System boundaries of the study: Comparison of aseptic and conventional food supply 

chains from processing to retail. 

1.7 Structure of the Thesis 

This thesis is divided into six main chapters, each contributing to a comprehensive 

understanding of the role of aseptic technologies in enhancing energy efficiency and 

resilience in food supply chains. 

Chapter 1 – Introduction 

This section outlines the background of the study, the problem formulation, the 

research aim, and key questions guiding the investigation. It also defines the scope, 

limitations, and overall structure of the thesis. 

Chapter 2 – Theoretical Framework 

This section presents the foundational concepts and literature relevant to the study. 

It covers traditional and emerging food preservation methods, energy use in supply 

chains, shelf-life dynamics, sustainability frameworks, and the role of packaging 

technologies in resilience and circular systems. 

Chapter 3 – Methodology 
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The methodology section explains the research design, data sources, and analytical 

tools used in the study. It includes the approach for the literature review, 

comparative energy analysis, and supply chain modeling under disruption scenarios. 

Chapter 4 – Empirical Findings 

This section presents the main findings of the study, including data on energy 

consumption, shelf-life comparisons, and simulated supply chain performance 

under different disruption scenarios. It focuses on the case of milk supply chains in 

Sweden and Europe. 

Chapter 5 – Discussion 

The discussion interprets the results in the context of the theoretical framework, 

linking the findings to broader sustainability goals and evaluating the potential of 

aseptic technologies in achieving energy and resilience targets. 

Chapter 6 – Conclusions and Recommendations 

The final section summarizes key insights, answers the research questions, and 

provides recommendations for stakeholders and future research directions, 

particularly in the adoption and scaling of aseptic technologies. 
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2 Theoretical Framework 

This chapter lays the theoretical and contextual foundation for the study by 

reviewing relevant literature on food preservation technologies and their 

implications for energy efficiency and supply chain resilience. It begins with 

an overview of traditional preservation methods and their limitations, 

followed by an in-depth examination of aseptic processing and packaging. 

Additionally, the section discusses sustainability and environmental 

considerations, including food waste and carbon emissions, particularly in 

the dairy and beverage sectors. The review concludes by identifying research 

gaps and outlining the potential of aseptic technologies within the European 

context, with a focus on Sweden. 

2.1 Global Food System Vulnerabilities 

Global food supply chains face increasing threats from climate change, geopolitical 

instability, and economic shocks, with cold chain logistics particularly vulnerable 

to disruptions. Rising temperatures and extreme weather events such as droughts 

and floods strain agriculture, leading to reduced crop yields and livestock 

productivity (Birgit Bednar-Friedl et al., 2023; Tchonkouang, Onyeaka and 

Nkoutchou, 2024). Heat stress and water scarcity disrupt planting, harvesting, and 

logistics, while shifting growing regions reduce arable land, exacerbating price 

inflation and reducing staple availability. 

Refrigerated supply chains, heavily reliant on energy, are especially susceptible to 

power outages and fuel shortages. Energy crises, such as those in 2021–2022, raised 

transport costs and increased refrigeration challenges. Infrastructure limitations, 

including aging storage and inadequate cooling, further compromise food security, 

with an estimated 14% of food loss occurring post-harvest due to insufficient cold 

storage (Karacan, Yilmaz and Yilmaz, 2023a). 

Geopolitical conflicts amplify these vulnerabilities. The Russia–Ukraine war 

disrupted global cereal trade, causing input shortages and price spikes. 

Concurrently, high energy and fertilizer costs strained logistics and reduced yields, 

underlining the fragility of traditional supply chains (Jia et al., 2024). 
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Aseptic and UHT processing emerge as crucial alternatives, reducing reliance on 

cold chains by enabling safe, long-term food storage without refrigeration. These 

methods mitigate vulnerabilities tied to energy-intensive logistics and infrastructure 

fragility, providing resilience against systemic disruptions (AFFAIRS, 2024). Table 

1 summarizes key disruptions and their supply-chain impacts. 

Table 1. The summary of key disruptions and their supply-chain impacts. 

Vulnerability 

Factor 

Effects on the Food System Outcomes & Examples 

Climate 

Change 

Heat/drought reduce yields; 

floods & storms damage 

crops and infrastructure; 

Widespread yield declines (10–25% at +1.5–

2°C, up to 50–100% at +4°C in Europe) 

(Birgit Bednar-Friedl et al., 2023); regional 

crop failures; price spikes; water stress; rising 

GHG from land-use changes. 

shifts in pest/disease 

distributions, water scarcity, 

extreme weather 

interruptions. 

For example, prolonged droughts in Southern 

Europe halted maize and wheat irrigation 

(Tchonkouang, Onyeaka and Nkoutchou, 

2024). 

Geopolitical 

Conflict 

Trade disruptions (export 

bans, sanctions); 

infrastructure destruction; 

labor shortages. 

Ukraine war halved Ukraine’s harvest 

exports; 20+ countries banned grain exports, 

triggering global price hikes (Jia et al., 2024). 

Reductions in 

fertilizer/energy supplies 

due to sanctions, labor 

diverted to safety. 

Surging fertilizer prices cut usage (causing 

yields loss) (Jia et al., 2024); EU food prices 

+14% by Jan 2023 (Arce, Koester and Nickel, 

2023). 

Economic 

Shocks 

Energy price volatility, 

inflation increase production 

costs; demand shocks 

(COVID). 

Energy costs raised cooling/logistics costs; 

agri input inflation squeezed farmers; food 

inflation soared (EU food inflation >10% in 

2022) (Arce, Koester and Nickel, 2023). 

Infrastructure 

Fragility 

Weak roads/ports/chains 

amplify other shocks; aging 

cold-storage at risk. 

Flooded highways delay harvest transport; 

power cuts spoil refrigerated goods. 

Cold Chain 

Disruptions 

Power/energy failure halts 

refrigeration; inadequate 

storage in warm climates. 

Loss of perishables in tropics, where only 

35% have reliable cold chains (UN reports); 

loss of vaccine-grade food aid. 

(Sources: IPCC 2022; FAO; Nature Comm Earth Env 2024; UN SDG Report 2024; ECB 

2023; FAO 2022; Frontiers 2023) 

2.2 Food Preservation and System Resilience 

Preservation technologies enhance supply chain resilience by extending shelf life, 

preventing spoilage, and reducing waste. Refrigeration, a core method in developed 

markets, slows microbial growth during production and transport. However, 

refrigerated systems are energy-intensive and vulnerable to power outages. 

Optimized cold chains could prevent 620 million tonnes (Mt) of food waste 
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annually, equivalent to 1.8 gigatonnes (Gt) of CO₂e emissions, particularly in 

regions like South/Southeast Asia and sub-Saharan Africa (Friedman-Heiman and 

Miller, 2024; Leah Hockley, 2024). Yet, energy demands for refrigeration increase 

under adverse conditions, highlighting the need for alternatives (Karacan, Yilmaz 

and Yilmaz, 2023a). Table 2 compares refrigeration with other preservation 

methods, showcasing energy use and shelf-life benefits. 

Table 2. Comparison of Food Preservation Technologies: Roles in Resilience, Key Benefits, and 

Sustainability Impacts. 

Technology Role in 

Resilience 

Key Benefits Sustainability Impact 

Refrigeration Uninterrupted 

cooling from 

production to 

retail. 

Prevents 

microbial 

spoilage; typical 

shelf-life 

extension from 

days to weeks; 

Can reduce global food loss by 

~50% (Friedman-Heiman and 

Miller, 2024); cuts ~41% of 

waste-related GHG (Friedman-

Heiman and Miller, 2024). 

SDG12: waste reduction; 

SDG13: lower emissions.  
Ensures freshness 

and quality of 

perishables. 

(Costs: energy use; modern 

systems can be 20–50% more 

efficient than older ones.) 

Drying Removes 

moisture to 

stabilize food. 

Enables storage 

stability of 

months–years for 

grains, fruits, 

roots; 

Prevents spoilage of high-waste 

foods (e.g., prevents 40–50% 

loss in fruits/veg) (Karacan, 

Yilmaz and Yilmaz, 2023a); 

often low-energy (solar) with 

minimal running emissions.  
Light-weight 

transport; minimal 

cold-chain needs. 

(Costs: initial energy for 

dehydration; some quality loss.) 

Canning/Thermal High-heat 

sterilization in 

sealed cans/jars. 

Shelf-stable for 

~1–3 years (room 

temp) (Affairs 

(ASPA), 2019); 

kills pathogens; 

Allows stockpiling and surge 

capacity. SDG12: very low 

waste; SDG13: avoids emissions 

from decay. (Cost: high-energy 

processing & heavy packaging.) 

Aseptic/UHT Ultra-heat + 

sterile 

packaging 

(liquids). 

Shelf-life ~6–9 

months at ambient 

(no fridge needed) 

(Affairs (ASPA), 

2019); 

Stabilizes supply of dairy/juices; 

reduces refrigeration logistics. 

SDG12: less spoilage; SDG13: 

waste GHG avoided. (Cost: 

composite cartons; energy for 

heating.) 

Ultra-high-temperature (UHT) processing, a form of aseptic treatment, sterilizes 

liquid foods at around 135°C for a few seconds. Products like UHT milk, packaged 

in sterile multilayer cartons, remain shelf-stable for 6–9 months at ambient 

temperatures (Affairs (ASPA), 2019). By eliminating continuous refrigeration, 

UHT milk enhances supply chain resilience, especially during power outages or 

transport delays (Rysstad and Kolstad, 2006). Despite its packaging's carbon 

footprint, life-cycle analyses show that the avoided food waste offsets this impact 
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(Rejeesh and Anto, 2023; Meng et al., 2023). UHT milk supports SDG 12 by 

reducing food losses and SDG 13 through its lower emissions profile compared to 

refrigerated milk. Table 3 summarizes the resilience and sustainability benefits of 

various preservation methods, emphasizing the advantages of UHT processing. 

Drying and canning offer additional benefits but are less adaptable than UHT for 

liquid products. Drying reduces water activity, making products lightweight and 

shelf-stable without refrigeration (Barbosa-Cánovas et al., 2020), though nutrient 

losses can occur. Canning applies high heat to sterilize foods in sealed containers, 

enabling years of storage without refrigeration. While energy-intensive, canned 

goods provide critical buffers during supply chain disruptions (Zero Waste 

Scotland, 2023). These methods align with SDGs 12 and 13 by reducing waste and 

emissions. Table 2 also illustrates how these methods compare in terms of energy 

efficiency and storage stability. 

Preservation technologies, particularly UHT processing, are vital for resilient food 

systems. Their ability to stabilize supply chains and mitigate waste makes them 

essential in climate-vulnerable and low-income settings where disruptions often 

result in hunger (Karacan, Yilmaz and Yilmaz, 2023b). Global strategies 

emphasizing these technologies, such as those advocated by the EU (Directorate-

General for Agriculture and Rural Development, 2025), position them as central to 

food system resilience during market shocks. 

Table 3. Comparison of preservation technologies and their sustainability impacts. 

Preservation 

Tech 

Typical 

Shelf Life 

(Ambient) 

Approx. 

Waste 

Reduction 

Potential 

GHG Impact (vs no 

preservation) 

SDG 

Contributions 

Refrigeration Fresh: 5–7 

days → up 

to 30–60 

days when 

cooled at all 

stages  

Cuts ~40–

50% of 

perishable 

loss 

(depending 

on region) 

Reduces ~41% of 

waste-related CO₂ (via 

loss avoidance) 

SDG12 (less 

waste), SDG13 

(lower 

emissions) 

Drying Up to 6–12 

months 

(fruit, 

grains) 

Prevents most 

rotting/mold; 

can halve 

losses in 

fruits/veg 

Low-energy drying 

(esp. solar) adds 

minimal CO₂; 

displaces waste 

emissions 

SDG12 (longer 

life), SDG13 

(renewable 

energy use) 

Canning/Thermal ~1–3 years 

(vegetables, 

meat) 

Virtually 

eliminates 

spoilage 

losses if 

properly 

canned 

Processing/packaging 

CO₂ but >100% offset 

by avoided waste 

emissions 

SDG12 (steady 

food supply), 

SDG13 (saves 

transport 

emissions from 

fresh delivery) 

Aseptic/UHT ~6–9 months 

(milk, 

juices) 

Drastically 

reduces 

spoilage (e.g., 

Energy for UHT, but 

overall net GHG↓ by 

waste avoidance (e.g., 

SDG12 (fewer 

losses), SDG13 
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milk losses in 

tropics) 

~20–30% net savings 

in LCA of milk) 

(less 

refrigeration) 

Sources: (Affairs (ASPA), 2019; FAO, 2022; Karacan, Yilmaz and Yilmaz, 2023a; Meng et 

al., 2023; Friedman-Heiman and Miller, 2024) 

2.3 Aseptic Food Processing and Packaging: Principles 

and Mechanisms 

Aseptic processing integrates ultra-high-temperature (UHT) sterilization of liquid 

foods with separate packaging sterilization, followed by filling under sterile 

conditions. This approach enables commercially sterile, shelf-stable products 

without relying on cold chains. Dairy and similar products are rapidly heated above 

135 °C for a few seconds, cooled, and filled into pre-sterilized containers in sterile 

environments (Chiozzi, Agriopoulou, and Varzakas, 2022). This process achieves a 

≥12-log reduction in heat-resistant spores, such as Geobacillus stearothermophilus, 

without significant nutrient loss (Rabbani et al., 2025). The advantages of aseptic 

processing include extended shelf life, improved safety, and reduced cold-chain 

dependence. 

2.3.1 Ultra-High Temperature (UHT) Processing 

UHT processing is the primary sterilization method for dairy products. By heating 

to 135–150 °C for 2–10 seconds, it achieves commercial sterility, eliminating 

vegetative pathogens and spores like Clostridium botulinum and Coxiella burnetii 

(Rabbani et al., 2025). Unlike conventional pasteurization, UHT provides shelf 

stability without refrigeration for 6–12 months (C. et al., 2019). The short heating 

time also preserves sensory and nutritional qualities better than retort canning 

(Chiozzi, Agriopoulou, and Varzakas, 2022). 

2.3.2 Sterilization of Packaging Materials 

Packaging in aseptic systems, such as multilayer cartons or HDPE bottles, is 

sterilized before filling. Hydrogen peroxide (H₂O₂) vapor is the most common 

sterilization agent, followed by hot sterile air to remove residues (C. et al., 2019). 

Electron-beam irradiation is an emerging alternative for rapid microbial 

inactivation. Table 4 summarizes sterilization methods, highlighting the adaptability 

of processes to different packaging materials. 

Table 4. Summary of packaging sterilization techniques. 

Method Agent/Condition Purpose/Target Notes (advantages/limitations) 
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H₂O₂ vapor 

+ hot air 

30–35% H₂O₂ spray, 

then hot sterile air 

(60–125 °C) 

General 

sterilization of 

cartons and liners 

Widely used; residual peroxide 

decomposed by heat; requires 

thorough blow-out to avoid 

oxidizing product. 

Saturated 

steam (wet 

heat) 

120–130 °C steam 

purge 

Rigid containers or 

film surfaces 

No chemicals; effective. However, 

condensation may wet surfaces 

and must be drained. 

Electron-

beam 

irradiation 

5–10 kGy electron 

dose 

Plastic/foil 

packaging surfaces 

Very fast; no chemicals. Limited 

penetration (suitable for bottles or 

sheets) and high equipment cost. 

Hot sterile 

air (dry 

heat) 

≈120–140 °C hot air Supplementary 

(often after H₂O₂) 

Helps remove H₂O₂; also kills 

residual organisms. Relatively 

slow. 

2.3.3 Aseptic Filling Systems and Sterile Zones 

Sterile Filling occurs in a sterile zone within aseptic systems, maintained by HEPA-

filtered airflow under positive pressure. Surfaces in contact with the sterilized 

product are sanitized using hot water, steam, or H₂O₂ and remain sterile during 

operation. These systems function as miniature cleanrooms, ensuring no microbial 

ingress during filling. Automated validation procedures, such as media-fill tests, 

confirm long-term sterility and compliance with hygienic standards (VDMA, 2016; 

Chiozzi, Agriopoulou and Varzakas, 2022). 

2.3.4 Applications and Benefits 

Aseptic processing is used across dairy (UHT milk, cream, milk beverages, infant 

formula), non-dairy (plant-based “milks”), beverages (juices, tea, smoothies), and 

ready-to-eat products (soups, sauces, purees). Fillers are compatible with a wide pH 

range and homogenous suspensions, although viscous or particulate-rich foods 

require special handling (C. et al., 2019; Chiozzi, Agriopoulou and Varzakas, 2022).  

The benefits of aseptic processing are considerable: 

Extended shelf life: Most aseptically packaged products maintain quality for 6–9 

months at ambient temperatures. Even sensitive beverages retain shelf life of several 

months (C. et al., 2019; Wang et al., 2022). 

Cold-chain independence: Since products are sterile and sealed, refrigeration is 

unnecessary until opening. This reduces energy use in transport and storage. 

Microbiological safety: The process reliably eliminates pathogens such as 

Salmonella, Listeria, E. coli, and Clostridia spores. For example, UHT milk showed 
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no microbial activity near expiry in coliform and methylene-blue tests  (Rabbani et 

al., 2025) (Jeppu et al., 2015). 

Quality retention: Minimal thermal exposure preserves flavor, color, and nutrients 

better than traditional methods (Chiozzi, Agriopoulou and Varzakas, 2022). In 

addition, aseptic systems allow a variety of package formats (cartons, plastic bottles, 

glass, pouches) with light-weight, multi-layer barriers that protect against 

light/oxygen. As one review notes, aseptic cartons use only ~3% packaging by 

weight and are among the lightest package options, helping preserve product 

freshness with high resource efficiency (C. et al., 2019). 

Reliability and compliance: Modern aseptic systems are automated, include in-line 

monitoring, and are built to EHEDG and FDA hygienic standards. They ensure high 

performance and product safety when maintained properly. 

As shown in Table 5, various sterilization techniques (e.g., H₂O₂ vapor, e-beam, 

steam) can be selected based on packaging material and microbial requirements. 

Aseptic technology is now foundational in many European food supply chains, 

particularly in dairy, where it enables ambient storage, lowers energy demand, and 

reduces product waste. 

Table 5. Common packaging sterilization methods in aseptic systems. 

Method Agent/Condition Targets Notes (Ref) 

H₂O₂ vapor + 

hot air 

30–35% H₂O₂, then 

60–125 °C dry air 

Bacteria and spores 

on carton inner 

surfaces 

Industry standard for cartons; 

peroxide decomposes under 

heat. Must thoroughly remove 

residue. 

Saturated 

steam (wet 

heat) 

120–130 °C steam 

purge 

All packaging 

surfaces 

No chemicals; effective kill. 

Risk of condensation; used on 

metal/plastic or in-carton 

steamization. 

Electron-

beam 

irradiation 

5–10 kGy electron 

dose 

Surface microbes 

(e.g. plastic bottles, 

foil) 

Instantaneous kill with no 

residue; expensive equipment 

and limited penetration depth. 

Dry heat (hot 

air) 

120–140 °C hot air Supplemental kill, 

H₂O₂ removal 

Often follows H₂O₂ to 

evaporate moisture; simple but 

slower sterilization. 

Sources: (Ansari and Datta, 2003; C. et al., 2019) 
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2.4 Energy Efficiency of Aseptic (UHT) vs 

Conventional Fluid Milk Processing 

2.4.1 Life-Cycle Perspective and GHG Footprint 

Numerous LCAs show that on-farm milk production (feed, enteric methane, 

manure, etc.) dominates the total carbon footprint of fluid milk. For instance, 

González-García et al. report that on-farm emissions account for the vast majority 

of impacts for UHT milk in Portugal (González-García et al., 2013). Similarly, 

Henriksson found ~85% of GHG emissions arise before processing (Henriksson, 

2014). Aggregated supply-chain studies typically estimate total GHG emissions for 

fluid milk (cradle-to-consumer) at ~1–3 kg CO₂e per kg milk, depending on system 

efficiency (Xu and Flapper, 2009; Henriksson, 2014). For example, a U.S. LCA 

found ~2.05 kg CO₂e/kg milk consumed (Thoma et al., 2013), while an Iranian LCA 

reported ~1.73 kg CO₂e/kg at packaged fluid milk (Daneshi et al., 2014). 

By contrast, the processing and distribution stages (factory heating/cooling, 

packaging, transport, retail, home refrigeration) contribute a smaller share. For 

example, Kim et al. (2013) report that U.S. dairy processing adds only ~0.20 kg 

CO₂e/kg packaged milk, including ~0.077 kg from processing energy (Xu and 

Flapper, 2009). These “gate-to-gate” impacts are minor compared to on-farm 

emissions, though storage and cold-chain differences can magnify relative 

efficiency gains (González-García et al., 2013; Henriksson, 2014). 

2.4.2 Processing Energy Use 

Thermal processing and associated cleaning are energy-intensive steps. Modeling 

by Tomasula et al. (2014) found that HTST pasteurization and UHT sterilization of 

3.25% fat whole milk both require ~0.27 MJ energy (0.075 kWh) per kg of raw milk. 

HTST pasteurization consumed 0.14 MJ electricity and 0.13 MJ gas per kg 

(37.6 g CO₂e), while UHT used 0.10 MJ electricity and 0.17 MJ gas (31.4 g CO₂e). 

UHT’s higher heat requirements are offset by avoiding additional chilling. 

Cooling adds ~0.025–0.03 kWh/kg for pasteurized milk (FAO, 1992), while UHT 

milk, requiring no refrigeration until opened, eliminates post-processing cooling. As 

a result, total energy use is slightly higher for pasteurized milk (~0.10–0.11 kWh/kg) 

compared to UHT (~0.075 kWh/kg) (FAO, 1992; Tomasula et al., 2014). As shown 

in Table 6, pasteurized milk incurs ~30% more processing energy due to its cooling 

requirements. 
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2.4.3 Carbon Emissions of Processing vs Cold Chain 

The modest energy difference translates into minor CO₂eq differences during 

processing. Using standard emission factors, the extra ~0.03 kWh/kg refrigeration 

results in ~0.01–0.02 kg CO₂e, making UHT’s processing-stage emissions (~30 g 

CO₂e/kg) slightly lower than HTST (~50 g CO₂e/kg). 

However, UHT milk’s ambient storage capability eliminates significant cold-chain 

energy during transport, retail, and home storage. For example, retail refrigeration 

for pasteurized milk adds ~0.1–0.2 kWh/kg over several months. UHT avoids these 

emissions, reducing its cradle-to-consumer GHG footprint (González-García et al., 

2013; Tomasula et al., 2014). When distribution and waste are included, UHT often 

shows a slightly lower carbon footprint compared to pasteurized milk (Thoma et al., 

2015). 

2.4.4 Packaging and Shelf-Life Innovations 

Aseptic UHT milk relies on multilayer cartons (paperboard-polyethylene-aluminum 

laminates) for sterility and oxygen/light barriers, whereas chilled milk uses HDPE 

or PET bottles. Bertolini et al. (2016) found that UHT cartons have 12–34% lower 

environmental impacts than plastic bottles across multiple LCA categories. Cartons’ 

use of renewable materials and lower weight contributes to their reduced impact. 

Innovations such as high-barrier multilayer films, aseptic pouches, and recyclable 

packaging further reduce UHT milk’s carbon footprint. Recycling rates significantly 

affect environmental impacts; tripling carton recycling from ~10% to ~30% can cut 

packaging-related GHG emissions by ~20% (Bertolini et al., 2016). 

As summarized in Table 6, UHT milk has lower processing energy and avoids 

refrigeration requirements, resulting in reduced processing-stage GHG emissions. 

While total cradle-to-grave carbon footprints are dominated by farm emissions, 

UHT’s ambient shelf-stability improves its overall sustainability by reducing energy 

use and food waste. 

Table 6.  Comparative summary of fluid milk preservation methods in terms of processing 

energy use (kWh/kg), GHG emissions (gCO₂e/kg), shelf life, storage requirements, and 

packaging materials. 

Milk 

Preservation 

Processing 

Energy 

(kWh/kg) 

Processing 

GHG 

(gCO₂e/kg) 

Shelf Life Storage Packaging 

Pasteurized 

(chilled) 

~0.10 (0.075 

heating + 

0.03 cooling) 

~50 (≈40 from 

processing +10 

from chilling) 

~7–14 days 

refrigerated 

Cold 

chain 

(4 °C) 

required 

HDPE/PET 

bottles 

(plastic) 
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UHT (aseptic, 

ambient) 

~0.075 

(heating only) 

~30 (processing 

only) 

~6–9 

months 

(ambient) 

Shelf-

stable 

until 

opened 

Multilayer 

carton/films 

Frozen 

(frozen) 

~0.10–0.15 

(heating + 

freezing) 

≫100 (heating + 

refrigeration) 

weeks-

months 

(frozen) 

–18 °C 

storage 

Same as 

chilled (plus 

container) 

Sources: (FAO, 1992; P.M. Tomasula et al., 2014; Bertolini et al., 2016) 

Each method’s total carbon footprint (farm+processing+packaging) tends to rank 

UHT slightly lower or comparable to pasteurized. This is because the avoided 

refrigeration (and reduced spoilage) offsets its marginally higher process energy. 

For example, when including distribution and waste, Thoma et al. (2015) found 

cradle-to-grave GHG of ~2.05 kgCO₂e/kg for conventional milk (Xu and Flapper, 

2009). Sensitivity analyses indicate that eliminating cold storage (for UHT) can cut 

~0.1 kgCO₂e/kg of that total. 

2.5 Food Quality, Suitability, and Safety in Aseptic 

Systems 

2.5.1 Nutritional Quality (Vitamins and Proteins) 

UHT processing impacts the nutritional quality of milk, particularly water-soluble 

vitamins and proteins. Vitamin C is highly heat-sensitive, with UHT leading to 

significant initial losses and progressive degradation during storage. For example, 

studies found that UHT milk can lose substantial vitamin C content due to oxidation 

and Maillard reactions (Wang et al., 2024; Nalame et al., 2009). Vitamins B₁₂ and 

folate are more stable, retaining ~90–100% after UHT. However, UHT denatures 

folate-binding proteins, converting bound folate into free folate, which may alter its 

bioavailability (Andersson and Öste, 1992). 

Milk proteins also undergo structural changes during UHT. Whey proteins, such as 

α-lactalbumin and β-lactoglobulin, experience ~70–80% denaturation, forming 

aggregates with casein micelles (Krishna et al., 2021). This aggregation affects 

protein quality, slightly reducing lysine bioavailability due to lactosylation. While 

casein micelles remain largely intact, long-term storage can lead to gelation and 

sedimentation. UHT also accelerates Maillard reactions, binding lysine irreversibly 

and contributing to changes in flavor and color. Fat-soluble vitamins like A and D 

show minor losses (~20–30%) (Krishna et al., 2021). 
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2.5.2 Sensory Attributes (Flavor, Aroma, Texture, Color) 

UHT milk develops characteristic “cooked” or “caramelized” flavors due to sulfur 

volatiles and Maillard products formed during high-temperature processing. 

Compared to pasteurized milk, which retains fresher “milky” notes, UHT milk 

exhibits intensified “sweet caramel” and “malty” descriptors, particularly after 

storage (Rabbani et al., 2021; Su et al., 2022). Storage also leads to slight yellowing 

from browning reactions. 

In terms of texture, UHT milk initially has a creamier mouthfeel due to protein 

aggregation, but long storage can result in sedimentation or gelation from casein 

aggregation. Homogenization minimizes fat separation, ensuring similar viscosity 

to pasteurized milk under fresh conditions (Krishna et al., 2021; Wu et al., 2024). 

2.5.3 Shelf Life and Stability 

UHT processing ensures a long shelf life by sterilizing milk, making it stable at 

ambient temperatures for 6–9 months. For example, UHT milk can remain safe for 

up to 36 weeks at 4–20 °C but shows quality degradation at higher temperatures 

(Karlsson et al., 2019). Shelf life is limited by chemical changes such as Maillard 

browning and protein hydrolysis rather than microbial spoilage. 

Unlike HTST milk, which spoils within 1–3 weeks even when refrigerated, UHT 

milk remains microbially safe without refrigeration until it is opened. However, 

storage conditions affect how quickly its sensory qualities and nutritional value 

decline. For example, packaging that limits oxygen exposure helps preserve both 

flavor and vitamins better (Wu et al., 2024). 

2.6 Aseptic Technologies and Supply Chain Resilience 

Food waste from dairy is a major global concern. Dairy products are among the 

highest-value foods lost in the supply chain (Martin, Torres-Frenzel and Wiedmann, 

2021). In the United States, roughly one-quarter of all dairy products are lost or 

wasted annually, with microbial spoilage—particularly of fluid milk, cheese, and 

cultured products—being a primary cause (Martin, Torres-Frenzel and Wiedmann, 

2021). In HTST-pasteurized milk, psychrotrophic bacteria introduced post-

pasteurization proliferate under refrigeration and produce enzymes that spoil the 

product before its expiration date (Martin, Torres-Frenzel and Wiedmann, 2021; 

Lan et al., 2024). Around half of all spoilage in HTST milk is attributed to post-

pasteurization contamination by Gram-negative bacteria such as Pseudomonas (Lan 

et al., 2024). 
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2.6.1 Shelf-Life Extension and Waste Prevention 

HTST milk stored at 4 °C typically lasts 1–2 weeks under ideal conditions. In 

contrast, UHT milk can remain stable for months. Karlsson et al. (2019) observed 

that UHT milk stored at 4–20 °C remained stable for 34–36 weeks, and for 16–20 

weeks even at 30–37 °C. Industry guidance similarly supports shelf stability of 6–

12 months at ambient temperature. The multi-month shelf life extends both 

marketing and consumption windows and lowers waste from spoilage. Packaging 

features also contribute; for example, optimizing UHT carton geometry to reduce 

internal creases can minimize product residues (Meurer et al., 2017). 

Aseptic packaging with UHT processing keeps milk edible longer and reduces 

expired returns. In an LCA comparing beverage filling methods, Manfredi and 

Vignali (2015) found that aseptic UHT systems had lower environmental impacts 

than hot-fill methods, mainly because hot-fill required heavier PET bottles. 

Although this study examined high-acid beverages, the findings apply to UHT milk 

packaged in lightweight aseptic cartons or pouches, which avoids losses from short 

shelf life (Manfredi and Vignali, 2015). Packaging that prolongs shelf life has also 

been shown to reduce waste and associated emissions. 

2.6.2 Emission Implications of Waste 

Dairy products have high per-mass carbon footprints, often estimated at ~2–3 kg 

CO₂-eq per kg (Zhao et al., 2017; Ni et al., 2025). A cradle-to-gate LCA for milk in 

Brazil reported 1.12 kg CO₂ per liter, with ~0.84 kg from farm operations and ~0.17 

kg from processing and refrigeration (Zhao et al., 2017). Every liter of discarded 

milk carries with it the emissions from feed, methane, farm energy, and processing. 

Martin et al. (2021) emphasizes that reducing spoilage minimizes waste across the 

dairy chain. Broader decarbonization reviews similarly stress that dairy’s increasing 

share of emissions—about 2.8 Gt CO₂-eq or 36% of the 2019 increase in animal-

based emissions—can only be addressed through both waste reduction and 

efficiency gains (Ni et al., 2025). 

2.6.3 Logistics and Refrigeration Independence 

UHT milk does not require cold-chain storage before opening, unlike chilled milk 

which must be kept at ≤4 °C throughout transport and retail. Eliminating the need 

for refrigeration reduces energy use and infrastructure in distribution. Analyses 

show that combining rail with road in cold-chain logistics can reduce CO₂ and 

pollutant emissions by up to ~77% compared to road transport alone (Ni et al., 

2025). Although this figure applies to refrigerated goods, it highlights the potential 

emissions savings when refrigeration is avoided altogether. UHT milk can be 
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transported without actively cooled containers, increasing routing flexibility and 

reducing transport energy demand. 

In warm climates or regions with unreliable electricity, UHT milk remains safe 

where chilled milk would spoil. This contributes to a more resilient supply chain. 

These shelf-stability features have supported growth in UHT dairy markets in 

regions such as Africa and Asia, though peer-reviewed studies on this expansion are 

limited. 

2.6.4 Shelf Stability and Handling Risks 

Extended shelf life mitigates degradation risks added at each supply chain stage. 

Padghan (2021) emphasized that transport, storage, and retail each introduce risk of 

spoilage, which UHT processing helps buffer. Although not peer-reviewed, industry 

surveys indicate increased adoption of extended-shelf-life and aseptic milk products 

to meet consumer demand and reduce spoilage. Packaging systems must balance 

sterilizability, barrier properties, and recyclability. LCAs suggest aseptic cartons, 

often paperboard-based, can match or outperform glass or HDPE bottles when waste 

is factored in (Manfredi and Vignali, 2015). 

2.7 Adoption Barriers and Policy Landscape 

The adoption of ultra-high-temperature (UHT) and aseptic processing in dairy faces 

multiple obstacles. Achieving and validating commercial sterility in flowing milk is 

technically demanding. UHT treatment requires heating milk to ~135–150 °C for a 

few seconds (Melini et al., 2017), inactivating highly heat-resistant spores like 

Bacillus and Geobacillus (Melini et al., 2017). Process design must ensure every 

milk droplet reaches the necessary thermal lethality (Chiozzi, Agriopoulou and 

Varzakas, 2022). Pujol et al. (2015) emphasize the need for separate validation of 

both the thermal process and packaging sterilization (including caps), targeting 

spores such as B. cereus and G. stearothermophilus. 

Equipment fouling in indirect UHT systems—caused by protein and calcium 

phosphate deposits—can reduce heat transfer and risk under-processing (Melini et 

al., 2017). Direct systems avoid fouling but introduce other technical complexities, 

including deaeration and vacuum operation, and still require aseptic packaging. 

Microbiological validation of sterility involves incubating sealed product to confirm 

the absence of survivors, typically for 7 days at 30 °C and 55 °C (Pujol et al., 2015; 

Melini et al., 2017). 
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Maintaining aseptic conditions throughout the filling process is critical. Containers 

and the filling line must be sterilized (often using hydrogen peroxide vapor), and 

aseptic zones are maintained with sterile air (Chiozzi, Agriopoulou and Varzakas, 

2022). European practices include rigorous aeration and residue testing for H₂O₂. 

Continuous sterility demands strict design, cleaning, calibration, and skilled 

operation. 

UHT must achieve commercial sterility, usually interpreted as a ~9 log reduction of 

thermoduric bacteria (Melini et al., 2017). Process design accounts for the coldest, 

fastest-moving particle (“cold spot”) (Chiozzi, Agriopoulou and Varzakas, 2022). 

For particulate dairy products, uneven heating makes validation especially 

challenging. 

Packaging must remain sterile until sealed. Failures like micro-holes or seal 

breaches allow recontamination. Sterile air zones and operator hygiene are essential. 

Studies show near-zero contamination inside properly managed aseptic zones (Pujol 

et al., 2015; Marcia Vieira Ramos et al., 2015). Unlike pasteurization, UHT lacks 

simple validation markers and requires batch testing via incubation. Any detection 

of thermophilic survivors leads to large batch losses (Pujol et al., 2015). 

Because of this technical complexity, small processors often prefer simpler 

pasteurization methods. Sophisticated engineering and robust microbiology controls 

are required—resources that many SMEs lack. 

2.7.1 Economic Barriers 

The capital and operating costs of aseptic UHT systems are substantial, deterring 

small-to-medium enterprises (SMEs). A full UHT line—including heater, 

homogenizer, buffer tanks, and filler—costs millions, requiring high throughput to 

justify investment. SMEs often lack access to affordable credit or collateral (Jafri et 

al., 2024). 

Operating costs further limit feasibility. UHT requires reliable utilities (steam, 

chilled water, electricity), and cleaning systems (CIP) are energy- and resource-

intensive. Skilled technicians are also needed for maintenance. While UHT milk 

ships unrefrigerated, the reduced cold storage costs rarely compensate for high 

processing expenses, especially at small volumes. 

Economies of scale are critical. A line built for 20 million liters/year is inefficient 

at 5 million. In regions with robust cold chains and consumer preference for fresh 

milk, limited demand for UHT further weakens ROI. Even large dairies assess 
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carefully before committing to UHT systems. Without subsidies or public financing, 

broader adoption among SMEs remains unlikely (Jafri et al., 2024). 

2.7.2 Regulatory and Global Differences 

EU regulations enforce strict hygiene and quality standards for UHT processing. 

Under Regulation (EC) No. 852/2004 and 853/2004, dairy plants must validate 

control of hazards, maintain traceability, and comply with microbiological limits for 

raw milk (e.g., ≤100,000 CFU/mL) (Melini et al., 2017). Residue levels for sterilants 

like hydrogen peroxide are tightly restricted, necessitating rigorous aeration and 

verification. 

European Food Safety Authority (EFSA) guidelines require UHT products to 

remain commercially sterile through distribution. These regulations support 

consumer safety but raise technical and documentation burdens, particularly for 

SMEs. 

Codex Alimentarius provides international definitions (e.g., “commercial sterility”) 

but leaves enforcement to national authorities. While Codex allows sterilants like 

H₂O₂, EU rules are more restrictive. In contrast, U.S. rules have historically lagged; 

the PMO only recently included definitions for UHT and aseptic processing (FDA, 

2017), and shelf-stable milk has limited regulatory recognition in many U.S. states. 

However, such contrasts are of limited relevance to EU-focused SMEs. 

In the EU, UHT milk is more common in Southern and Eastern Europe, supported 

by climate and market preferences. Northern Europe (including Sweden) shows 

stronger demand for chilled pasteurized milk, shaping both investment incentives 

and regulatory approaches. 

Regulatory compliance demands technical capacity and administrative resources, 

often beyond the reach of small producers. Documentation, inspections, and 

labeling rules add overhead that only large processors may absorb efficiently. 

2.7.3 Adoption Trends and Case Studies 

Surveys and case studies reflect the above barriers. In Europe, Djekić et al. (2024) 

found hygiene practices among Serbian small dairies inadequate for aseptic 

operation, implying that infrastructure and process upgrades are needed before UHT 

becomes viable. A Swedish or Northern European context may face similar 

readiness issues, especially for rural SMEs. 
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Consumer preferences also play a role. Northern EU markets typically favor the 

taste of fresh milk, limiting demand for UHT. This cultural factor constrains scale 

and investment interest. 

Experiential accounts confirm the steep learning curve. One Romanian dairy 

required two years post-installation to achieve stable UHT production, needing staff 

training and multiple validation runs. Such practical difficulties translate into real 

financial risk, especially for smaller players (Jafri et al., 2024). 

2.8 Synthesis and Identified Research Gaps 

2.8.1 Energy Benchmarking 

Life-cycle assessment (LCA) studies in dairy often focus on broad environmental 

impacts (e.g., global warming potential, eutrophication), but rarely provide detailed 

energy-use metrics (Cruz-Rivero et al., 2025). A review of 84 dairy LCA studies 

(2018–2024) found most emphasized emissions and nutrient impacts; few addressed 

energy efficiency or circularity (Cruz-Rivero et al., 2025). Methodological 

inconsistency is common: nearly half of these LCAs lacked ISO-standard methods 

or sensitivity analyses (Cruz-Rivero et al., 2025). European data are particularly 

limited. Few meta-analyses of processing technologies (including aseptic UHT) 

report per-unit energy consumption. One review note that novel heating methods 

(e.g., ohmic heating with aseptic fill) may reduce energy use significantly compared 

to retort, but findings are limited to isolated studies (Cruz-Rivero et al., 2025). In 

summary, while farm-level emissions and broad LCA categories are well-studied, 

consistent benchmarking of process-specific energy inputs for aseptic systems—

especially in Europe—remains a gap. Researchers call for standardized energy-use 

data (e.g., kWh per liter) comparing aseptic and conventional methods, and LCA 

modeling that distinguishes between packaging, refrigeration, and processing 

energy (Cruz-Rivero et al., 2025). 

2.8.2 Food Product Suitability 

Aseptic processing has been applied to various liquid and semi-liquid foods, with 

dairy being the most studied. Reviews list UHT-aseptically filled products such as 

milk, flavored milk, infant formula, soups, sauces, and fruit juices (Chiozzi, 

Agriopoulou and Varzakas, 2022). One review highlights acidified (“whey protein”) 

versus low-acid (“casein protein”) shelf-stable dairy beverages, particularly in high-
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protein sports-nutrition markets (Martin, Torres-Frenzel and Wiedmann, 2021). 

These are extensively examined, focusing on formulation aspects like pH and 

protein stability (Martin, Torres-Frenzel and Wiedmann, 2021). In packaging LCA 

literature, dairy, meat products, and fresh produce receive the most attention 

(Hemachandra, Hadjikakou and Pettigrew, 2024), suggesting a dominance of 

beverage-type studies. Non-dairy liquids (e.g., juices, teas) are covered less 

thoroughly. Notably, high-viscosity or particulate foods—such as soups with 

chunks or dairy desserts—pose design challenges (e.g., uneven heating) and are 

under-researched (Chiozzi, Agriopoulou and Varzakas, 2022). Most reviews focus 

on homogeneous fluids, with few analyzing solid or composite aseptic products. 

Research heavily emphasizes fluid dairy/juice products; meanwhile, aseptic 

treatment of thicker or novel foods (e.g., plant-based milks, acidified whey drinks) 

remains a significant gap (Chiozzi, Agriopoulou and Varzakas, 2022). Product-

specific reviews beyond infant foods are limited. 

2.8.3 Supply Chain Resilience 

Packaging’s role in reducing spoilage and extending shelf life is well established. 

Studies note that packaging “plays an important role … in protecting the product 

during transport and extending the shelf life” (Shi, 2023). An LCA review stresses 

that shelf-life extension is critical for high-impact foods like dairy, as it helps 

prevent waste (Hemachandra, Hadjikakou and Pettigrew, 2024). Packaging is also 

framed as a system enabling efficient transport and storage across the supply chain 

(Morashti, An and Jang, 2022). Aseptic packaging, with its room-temperature 

storage for 3–6 months or more, should theoretically reduce cold-chain reliance and 

enhance supply flexibility. 

However, supply chain resilience specific to aseptic processing is rarely modeled. 

Few reviews quantify how aseptic technologies influence logistics costs or 

disruption risk. One review of sustainable packaging notes that packaging’s role in 

supply chain management is understudied, with no focus on aseptic cases (Morashti, 

An and Jang, 2022). Although shelf-life benefits are acknowledged (Shi, 2023; 

Hemachandra, Hadjikakou and Pettigrew, 2024), these are seldom linked to 

measurable supply chain flexibility or risk mitigation. Packaging design is noted to 

influence costs (e.g., FIFO handling, inventory waste) (Morashti, An and Jang, 

2022), but reviews rarely go further. In sum, general benefits of shelf-life extension 

(e.g., less spoilage, reduced cold storage) are well covered, but resilience-specific 

outcomes—such as impacts on robustness or flexibility—remain unexamined. 

Researchers call for empirical and modeling studies on aseptic-based supply chains, 

including resilience trade-offs (e.g., recyclability vs. agility) (Morashti, An and 

Jang, 2022). 
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2.8.4 Regulatory Harmonization 

Aseptic processing must comply with diverse food safety regulations, yet few 

reviews synthesize these frameworks. Reviews of packaging policies highlight 

international variation: for example, the EU, US, and Japan each maintain distinct 

standards (Thapliyal et al., 2024). EU regulations (e.g., EC 1935/2004, EC 

2023/2006) differ from U.S. FDA codes, creating potential trade barriers. SMEs 

exporting aseptic dairy often face multiple compliance regimes. Still, no systematic 

review compares aseptic-specific regulatory frameworks across regions. While 

Codex Alimentarius includes guidelines for aseptic processing of low-acid foods 

(CAC/RCP 40-1993), it is not a current scholarly source. Commentaries and 

industry reports mention challenges—such as discrepancies in HACCP enforcement 

or equipment validation (e.g., EU Reg. 852/2004 vs. U.S. CFR 113)—but peer-

reviewed comparative analyses are lacking. In short, the diversity of global food 

packaging laws is well recognized (Thapliyal et al., 2024), but how this affects 

aseptic processing remains under-explored. In particular, gaps exist in 

understanding how variations in definitions (e.g., “commercial sterility”), 

sterilization standards, or labeling affect cross-border trade in aseptic dairy. While 

reviewers advocate harmonizing sustainable packaging standards (Thapliyal et al., 

2024), an equivalent call for harmonizing aseptic food processing remains absent 

from academic meta-analyses. A summary of the identified knowledge gaps across 

these thematic areas is provided in Table 7. 

Table 7. Summary of key gaps in thematic areas 

Theme Key Knowledge Gaps 

Energy 

Benchmarking 

Limited process-level energy data for aseptic systems; inconsistent LCA 

methods; lack of Europe-specific benchmarks and uncertainty analyses. 

Food Product 

Suitability 

Focus on liquid dairy and juices; scant analysis of high-viscosity or 

particulate foods; few product-specific reviews beyond major dairy 

drinks. 

Supply Chain 

Resilience 

Absence of supply-chain impact studies linking aseptic shelf-life gains to 

resilience metrics; no systematic modeling of distribution/logistic 

benefits. 

Regulatory 

Harmonization 

Lack of synthesized guidance on international aseptic regulations; 

fragmented standards noted but no meta-study of cross-border 

compliance hurdles. 
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3 Methodology 

This section provides an overview of the research approach and design, 

emphasizing the framework guiding the study. It also addresses the quality 

measures, ensuring rigor and validity. Finally, it details the data collection methods 

and analytical procedures employed. 

3.1 Research Approach 

This study employs a quantitative, model-based approach, consistent with 

established methodological frameworks. Quantitative research is characterized by 

the testing of objective theories through the examination of relationships among 

variables, which are measured and analyzed statistically (Creswell, 2009). 

Accordingly, this approach is deductive and data-driven (Yin, 2018; Saunders, 

Lewis and Thornhill, 2023), relying on numerical modeling outputs rather than 

subjective interpretation. This reflects a post-positivist stance, whereby hypotheses 

regarding system behavior are tested against modeled scenarios (Creswell, 2009). 

Creswell (2009) emphasizes the importance of selecting a research approach—

quantitative or qualitative—based on the research aims and the nature of the data; 

in this context, the reliance on measured inputs and modeled outputs necessitates a 

quantitative methodology. As Yin (2018) highlights, articulating a clear and 

coherent research approach is essential for maintaining methodological rigor, 

regardless of the specific methodological tradition. 

3.2 Research Design 

The study follows a descriptive and comparative research design, structured to 

systematically collect, organize, and analyze existing data for insight generation. 

The design involves: 

• Defining clear boundaries (geographic and technological). 

• Selecting a functional unit (per liter of milk) for comparability. 
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• Extracting relevant energy and shelf-life data from peer-reviewed studies 

and official sources. 

• Developing disruption scenarios to assess supply chain resilience. 

• Utilizing deterministic modeling via Microsoft Excel to compare energy 

consumption outcomes under baseline and disrupted conditions. 

This design supports transparency and replicability while enabling scenario-based 

exploration of complex supply chain dynamics without primary data collection or 

experimental interventions. 

A scenario-based modeling design is used, creating simplified parallel models for 

aseptic UHT versus chilled pasteurization supply chains. Each scenario represents 

a supply chain network from farm to retail, enabling side-by-side comparison. This 

design aligns with supply chain resilience studies that use deterministic modeling to 

compare cases (Soni, Jain and Kumar, 2014). Baseline (normal operations) and 

disturbance scenarios (e.g., cold chain failure) are defined to assess performance 

under stress. The study is essentially descriptive and analytical: it describes system 

configurations and uses “what-if” scenarios to predict outcomes (Soni, Jain and 

Kumar, 2014; P.M. Tomasula et al., 2014). 

3.3 Scope and Context 

The scope is limited to fluid milk processing and distribution. The system 

boundaries cover raw milk production, processing (UHT vs HTST pasteurization), 

packaging, storage, and distribution to retail. The analysis assumes a defined 

regional market (consistent with previous studies) but focuses on generalizable 

principles rather than one country. Technology parameters (e.g., energy use per liter, 

shelf life) are based on literature values. For example, UHT processing is assumed 

to achieve commercial sterility and shelf life on the order of 30–36 weeks at ambient 

conditions, whereas pasteurized milk typically spoils within 1–3 weeks under 

refrigeration. Key assumptions mirror those in energy analyses of dairy systems 

(Masanet, Brush and Worrell, 2014; Philipp et al., 2018). 

3.4 Data Collection 

Data is gathered from secondary sources, including peer-reviewed studies, industry 

reports, and technical handbooks. Process energy and mass flow data (e.g., heating 

requirements, refrigeration energy) are drawn from dairy engineering studies 

(Masanet, Brush and Worrell, 2014; P.M. Tomasula et al., 2014; Philipp et al., 

2018). Shelf-life and spoilage rates for UHT vs pasteurized milk are taken from food 
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science literature (Karlsson et al., 2019). Supply chain parameters (transport 

distances, storage times) are based on typical values reported in cold chain logistics 

studies (Marchi, Bettoni and Zanoni, 2022). Where possible, empirical values or 

ranges are used to calibrate the model. The use of documented parameters follows 

standard research practice for modeling (Yin, 2018; Saunders, Lewis and Thornhill, 

2023). 

3.5 Scenario Modeling 

The core analysis uses scenario-based modeling of two alternative dairy supply 

chain configurations. These models were conducted using Microsoft Excel, which 

allowed deterministic manipulation of process and disruption parameters. One 

model represents UHT milk distributed without refrigeration, and the other 

represents pasteurized milk requiring cold chain logistics. 

Each configuration includes energy flows for processing, packaging, storage, and 

transport stages. Disruption scenarios (e.g., equipment failure or power outages) are 

applied to assess the resilience of each system. The models are deterministic, 

meaning they use fixed inputs without random variation, and do not include time-

based events or queuing processes typical of discrete-event simulations. 

Output validation was conducted by comparing simulated energy use and emissions 

with literature values (e.g., Masanet, Brush and Worrell, 2014). This modeling 

approach is consistent with prior research employing spreadsheet-based scenario 

analysis to support decision-making in food and supply chain systems (P.M. 

Tomasula et al., 2014; Soni, Jain and Kumar, 2014).  

3.6 Scenario Development and Modeling 

To evaluate supply chain resilience, five disruption scenarios were designed and 

simulated using a deterministic, spreadsheet-based model in Microsoft Excel. Each 

scenario modifies specific parameters such as transport time, storage duration, or 

temperature conditions to simulate real-world disturbances.: 

Baseline Scenario: Normal supply chain operations. 

Scenario 1: Transport Delay – The Broken Truck. 

Scenario 2: Rolling Blackouts at the Distribution Center 

Scenario 3: Prolonged Storage – Shelf-Life Expiry 

Scenario 4: Extreme Heat During Transit 
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Scenario 5: Crisis Stockpiling – Extended Storage 

Energy consumption, shelf-life, and resilience metrics are calculated for each 

scenario. All assumptions were documented to ensure transparency and 

reproducibility. This modeling approach allows systematic comparison of how 

aseptic and refrigerated supply chains perform under identical conditions. 

3.7 Indicators 

Key performance indicators are defined for both energy efficiency and resilience: 

• Energy and emissions: Total energy consumption per liter (kWh/L) of milk 

processed (including heating, refrigeration, and transport) and associated CO₂e 

emissions (Masanet, Brush and Worrell, 2014; P.M. Tomasula et al., 2014). 

Measures such as kWh per tonne-kilometer for transport can also be used. 

• Shelf-life: Estimated shelf-life (days or weeks) of the final product under each 

technology, reflecting product stability. For UHT milk, literature reports shelf 

stability of several months at room temperature, whereas pasteurized milk shelf-

life is on the order of 1–3 weeks. 

• Resilience metrics: Indicators such as “time-to-recover” (the duration required 

for supply to return to normal levels) and “service level” (the percentage of 

demand fulfilled following a disruption) are calculated (Ponomarov and 

Holcomb, 2009; Soni, Jain and Kumar, 2014). In addition, stockout occurrences 

and unmet demand are monitored as key outcome metrics. These indicators are 

aligned with established supply chain resilience frameworks (Christopher and 

Peck, 2004; Ponomarov and Holcomb, 2009). 

Each indicator is computed from modeling outputs for each scenario. 

3.8 Data Analysis Strategy 

Models results are analyzed quantitatively. Baseline and scenario outcomes are 

compared using summary statistics and visual charts. Energy and emissions per unit 

of milk are compared between UHT and pasteurized chains. Resilience is assessed 

by comparing performance metrics (e.g., recovery time) across scenarios. 

Sensitivity analysis is conducted on key parameters (e.g., demand level, disruption 

duration) to test robustness. The analysis follows guidance from research method 

texts (Yin, 2018; Saunders, Lewis and Thornhill, 2023), ensuring that findings are 

reproducible and supported by the data. Conclusions are drawn by triangulating 
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results from the models with literature benchmarks (Masanet, Brush and Worrell, 

2014; P.M. Tomasula et al., 2014) 

3.9 Data Analysis and Quality of Research 

3.9.1 Data Analysis Approach 

Quantitative data were normalized and analyzed using Excel to calculate total 

energy consumption per liter for each technology and scenario. Scenario models 

applied deterministic adjustments to parameters reflecting disruptions. The 

transparent and reproducible framework allowed systematic assessment of energy 

efficiency and resilience trade-offs. 

3.9.2 Ensuring Data Reliability and Validity 

Secondary data were selected from peer-reviewed and authoritative sources to 

ensure reliability. Cross-referencing and triangulation of data minimized potential 

bias. Uncertainties, such as variation in shelf life and LCA boundaries, were 

explicitly acknowledged and discussed in the analysis. 

3.9.3 Research Rigor and Transparency 

Despite the lack of primary data collection, the study maintained rigor through: 

• Comprehensive literature review. 

• Systematic data extraction and standardization. 

• Clear documentation of assumptions and methodological steps. 

• Supervisory review and iterative refinement. 

3.9.4 Limitations Related to Data and Analysis 

Key limitations include dependency on secondary sources, simplified scenario 

modeling without stochastic elements, and variability in source study 

methodologies. These limitations are considered when interpreting results and 

deriving conclusions. 
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4 Findings and Discussion 

This chapter presents and interprets the core findings of this research, organized 

according to the five research questions. Each section integrates both results and 

discussion to maintain coherence and support logical flow. 

4.1 Energy Consumption: Aseptic vs. Conventional 

Preservation Methods 

This section addresses Research Question 1 by comparing energy consumption 

across all stages of milk processing and supply chain for two preservation methods: 

refrigerated pasteurized milk and aseptically UHT-treated milk. It includes a step-

by-step breakdown, climate-based distribution analysis, and scenario modeling. 

4.1.1 Introduction to the Comparison 

To explore this, a detailed energy analysis is conducted comparing two widely used 

milk preservation approaches: refrigerated pasteurized milk and aseptically 

processed UHT (Ultra-High Temperature) milk. These two methods differ 

significantly in their thermal treatment, packaging systems, and cold chain 

requirements, which directly influence their total energy footprints. 

The comparison is based on energy consumption per liter of milk, covering the 

entire processing and post-processing supply chain—from milk reception at the 

facility to the point of retail. This approach allows for a meaningful, like-for-like 

comparison of both technologies under realistic operational conditions. 

Data is presented at a granular level, including: 

• Processing energy consumption, broken down by individual unit operations 

(e.g., homogenization, pasteurization, UHT sterilization, packaging). 

• Supply chain energy use, assessed for three key actors: transport, distribution 

center, and retail. 
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• Environmental context, with energy values modeled for both warm and cold 

climate conditions. 

• Scenario analysis, simulating five potential disruption cases (e.g., power 

outages, delayed transportation) to evaluate the resilience of each preservation 

method. 

4.1.2 Energy Use by Processing Stage (Common and Distinct Steps) 

This section compares energy consumption values for each processing stage in both 

preservation methods. 

4.1.2.1 Process Stage Overview 

At the production facility, the processing of refrigerated pasteurized milk and 

aseptically treated UHT milk follows a largely similar sequence of steps, with key 

differences in the thermal treatment and packaging stages. Both preservation 

methods include milk reception and cooling, preheating, separation and 

standardization, and homogenization as core processing stages. 

However, the methods diverge at the heat treatment stage: refrigerated milk is 

pasteurized, while aseptic milk undergoes UHT sterilization, a more intense thermal 

process. In the final stages, refrigerated milk is filled and packaged under clean 

conditions and stored under refrigeration, whereas aseptic milk is filled into sterile 

containers using aseptic techniques, allowing for ambient storage. 

These differences have direct implications for energy consumption. Figure 3 

illustrates the process flows for both preservation methods, highlighting the shared 

and divergent stages. This stage-by-stage breakdown provides a framework for the 

energy consumption analysis presented in the following section. 

 

Figure 2. Process Flow Comparison – Refrigerated Pasteurized Milk vs. Aseptic UHT Milk 
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4.1.2.2 Step-by-Step Energy Consumption Calculation 

4.1.2.2.1 Milk Reception & Cooling 

Raw milk arrives warm and must be chilled (typically to 4°C) upon reception. This 

uses mechanical refrigeration: e.g., ice-bank or direct-expansion coolers plus 

agitators. Industry data indicate refrigeration of 1 ton (1000 L) of milk requires 

about 100–120 MJ of electricity (FAO, no date). This corresponds to roughly 0.03–

0.04 kWh per liter (≈30–33 kWh per 1000 L) to cool freshly received milk. (By 

contrast, on-farm bulk-tank cooling can use ∼10–18 Wh/L (Paludetti et al., 2018). 

.) Therefore, milk reception and chilling in large plants uses on the order of 

0.03 kWh/L.  

4.1.2.2.2  Milk Preheating (Regeneration) 

Preheating represents a critical intermediate step in dairy processing, wherein raw 

milk is heated to approximately 60°C using plate heat exchangers before 

pasteurization or sterilization. This process enhances energy efficiency by reducing 

the thermal load on subsequent heating stages, while also contributing to improved 

product quality and safety. In modern high-temperature short-time (HTST) systems, 

raw milk is preheated via regenerative heat exchange with outgoing pasteurized 

milk. This design achieves heat recovery rates of approximately 90–94%, thereby 

minimizing the need for external thermal energy input (P. M. Tomasula et al., 2014; 

Prasad, 2022). Although some auxiliary energy is required for pumping, it remains 

relatively minor compared to the total pasteurization energy demand. 

Empirical data from Wermlands Mejeri further supports the efficiency of this 

process. Nielsen (2016) reports a specific energy consumption (SEC) of 0.09 kWh/L 

for preheating. Based on a total annual energy consumption of 1,141 MWh and an 

overall SEC of 0.19 kWh/L at the facility, the estimated volume of milk processed 

annually is approximately 6,006,316 liters. Applying the preheating SEC to this 

volume yields a total energy use of around 540,569 kWh for preheating alone, 

accounting for approximately 47.4% of the plant’s total energy consumption. This 

significant proportion underscores the central role of preheating in the overall 

energy profile of dairy production and substantiates the use of the 0.09 kWh/L value 

as a reliable estimate in energy modeling or process analysis (Nielsen, 2016).  

4.1.2.2.3 Separation & Standardization 

Separation and standardization are essential steps aimed at dividing raw milk into 

its components—cream and skim milk—and adjusting their proportions to achieve 

the desired fat content in the final product. These processes ensure product 

consistency and quality. A study by Samoichuk et al. (2025) titled 'Energy 

Efficiency Optimization of Milk Homogenizers: A Contribution to the European 
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Green Deal Goals' examined energy consumption patterns during milk 

homogenization, a process closely related to separation and standardization. The 

study reported specific energy consumption (SEC) values ranging from 0.88 to 1.80 

kWh per ton of milk processed (Samoichuk et al., 2025).  When converted, these 

values translate to approximately 0.00088 to 0.00180 kWh per liter. Calculating the 

average of these values: 

(0.00088 +  0.00180) 

2
 =  0.00134 kWh/L 

This average value of approximately 0.00134 kWh/L provides a balanced 

assessment of energy consumption across different dairy facilities, offering a 

reasonable estimate for the energy requirements of separation and standardization 

processes (Samoichuk et al., 2025). 

4.1.2.2.4 Homogenization 

Homogenization is a key step in milk processing that involves mechanically 

reducing the size of fat globules to improve product stability and texture. This is 

typically achieved by pumping milk through a high-pressure homogenizer operating 

at pressures in the range of approximately 200–250 bar. The process is driven by 

electricity and is known for its high energy efficiency. According to manufacturer 

data, the energy consumption of modern homogenizers is relatively low. For 

instance, the Tetra Pak Homogenizer 300 (non-aseptic model) consumes 

approximately 4.2 kWh per 1,000 liters of pasteurized milk, corresponding to a 

specific energy consumption of around 0.0042 kWh/L (Tetra Pak, 2023). High-

pressure piston homogenizers generally operate with energy requirements well 

below 0.01 kWh/L. In alignment with reported manufacturer data and typical 

operational ranges, a value of approximately 0.005 kWh/L is adopted in this study 

as a representative estimate for the specific energy consumption of the 

homogenization process. 

4.1.2.2.5 Pasteurization 

High-temperature short-time (HTST) pasteurization, commonly carried out at 72 °C 

for 15 seconds, involves three main stages: heating, holding, and cooling. Thermal 

energy is typically supplied through steam or hot water, with most of the heat being 

recovered using multi-stage regenerative heat exchangers. Without heat recovery, 

heating 1 liter of milk by approximately 65 K requires around 300–350 kJ, which is 

equivalent to about 0.083–0.097 kWh (Touset and Delgado, 2022). According to 

data from the OJES database, the steam energy input for this process is 

approximately 324.7 kJ/kg, or around 0.090 kWh/L (Touset and Delgado, 2022). 

However, with regenerative heat recovery systems operating at approximately 90% 
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efficiency, most of this energy is reused, reducing the net thermal energy 

requirement to as low as 0.01–0.02 kWh/L(Prasad, 2022).   

In practice, HTST systems typically consume about 0.1–0.15 MJ/kg (0.03–

0.04 kWh/L), which includes both steam and the electricity needed for pumping (P. 

M. Tomasula et al., 2014). For example, Tomasula et al. (2014) report a total energy 

use of 0.14 MJ of electricity and 0.13 MJ of natural gas per kilogram of raw milk, 

resulting in a combined energy consumption of approximately 0.27 MJ/kg, or 

0.075 kWh/L. Overall, the total energy use for HTST pasteurization—including 

both thermal and electrical components—is generally in the range of 0.07–

0.10 kWh/L, with about 0.04 kWh/L attributed to steam and 0.03 kWh/L to 

electricity. For this study, a representative value of 0.09 kWh/L is used, while 

acknowledging that advanced regenerative systems can reduce net steam energy 

consumption to as low as 0.01–0.02 kWh/L (Prasad, 2022). 

4.1.2.2.6 UHT Sterilization (Ultra-High Temperature Treatment) 

Ultra-high-temperature (UHT) processing involves rapidly heating milk or plant-

based beverages to approximately 135–150 °C for a few seconds, effectively 

sterilizing the product before aseptic packaging. This process primarily requires 

thermal energy, typically supplied by steam or hot water, in addition to some 

electricity for pumps and homogenizers. (Geburt et al., 2022).  

Reported energy consumption values from life cycle studies vary significantly. 

Geburt et al. (2022) estimate the additional energy needed for UHT processing 

(≥135 °C for ~2 seconds) at approximately 0.29 MJ/kg, equivalent to about 

0.08 kWh per liter. In contrast, life cycle data from Oatly, presented by the SIK – 

Swedish Institute for Food and Biotechnology (2013), indicate a much higher 

energy requirement of roughly 0.306 kWh/L for UHT oat drink production. 

These differences reflect varying system boundaries and assumptions about process 

efficiency. To account for this variation, an average of the two values is used as a 

representative estimate in this study. This yields an approximate energy 

consumption of 0.193 kWh per liter for UHT processing, capturing both the lower-

bound energy for the heating step and the upper-bound estimate that includes 

broader processing energy. 

4.1.2.2.7 Filling & Packaging of Refrigerated Milk 

The energy consumption associated with the packaging of refrigerated milk 

represents a key component in evaluating the overall environmental impact of dairy 

production systems. Tomasula et al. (2013) employed computer-based models to 

analyze energy use, greenhouse gas emissions, and process economics within fluid 

milk processing operations. According to their findings, the specific energy 
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consumption (SEC) for the packaging stage is approximately 0.03 megajoules per 

kilogram of milk (Tomasula et al., 2013), which corresponds to an estimated 0.0083 

kWh per liter when expressed in more commonly used energy units. 

This relatively low energy demand reflects the high efficiency of contemporary 

packaging technologies. Nonetheless, the analysis emphasizes the continued 

relevance of optimizing energy performance in packaging systems, particularly as 

part of broader efforts to reduce the carbon footprint of dairy products across their 

life cycle. 

4.1.2.2.8 Aseptic Filling & Packaging 

Aseptic filling seals the sterilized beverage into sterile containers (typically carton 

bricks) without the need for post-fill pasteurization. This involves sterilizing the 

package interior (e.g., with hydrogen peroxide), filling pumps, cap applicators, and 

sterile conveyors. The energy demand here is mostly electrical, powering motors 

and sterilization units; very little thermal energy is used beyond minor heating (pre-

sterilization or cleaning). As a result, studies find much lower energy per liter than 

for UHT heating. For instance, one commercial oat-milk LCA showed the aseptic 

filling line (including sterile tank, filling machine, conveyor, and pallets) used on 

the order of 8.38×10^4 kWh to fill ~4.76×10^6 L – about 0.018 kWh per liter (SIK 

– Swedish Institute for Food and Biotechnology, 2013).  

4.1.2.2.9 Refrigerated Storage Before Dispatch 

The energy consumption associated with the refrigerated storage of packaged milk 

varies depending on factors such as insulation quality, refrigeration system 

efficiency, and duration of storage. For short-term storage (e.g., one day), the Food 

and Agriculture Organization (FAO, no date) reports a range of 0.05 to 0.10 kWh 

per liter per day, while Tomasula et al. (2013) estimate energy use at approximately 

0.072 kWh/L (Tomasula et al., 2013). Taking the arithmetic average of these 

reported values—specifically, the midpoint of the FAO range (0.075 kWh/L) and 

Tomasula’s estimate (0.072 kWh/L)—yields an average of approximately 

0.0735 kWh/L per day. Accordingly, this study adopts 0.073 kWh/L per day as a 

representative value for the specific energy consumption of refrigerated storage over 

one day under typical industrial conditions. 

4.1.2.3  Discussion: Processing Energy Efficiency 

The total energy consumption for aseptic processing is approximately 0.337 kWh/L, 

which is 13.3% higher than the 0.298 kWh/L required for refrigerated milk. This 

increase is mainly attributed to the more energy-intensive UHT sterilization step, 

which consumes 0.193 kWh/L—more than double the energy required for HTST 

pasteurization (0.09 kWh/L). The elevated thermal load in UHT treatment is 
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essential to achieve commercial sterility and extended shelf life, but contributes 

significantly to the overall energy burden. 

Differences also emerge in the filling and packaging stage. Aseptic systems require 

0.018 kWh/L, compared to 0.0083 kWh/L in conventional packaging, due to the 

need for sterile conditions and package decontamination. In contrast, refrigerated 

milk requires an additional 0.073 kWh/L for cold storage before distribution, a step 

that UHT products avoid entirely due to their ambient stability. 

Despite these divergences, early-stage operations—milk reception, preheating, 

separation, and homogenization—exhibit nearly identical energy use between the 

two systems, totaling around 0.13–0.14 kWh/L. This reflects the shared processing 

infrastructure at the front end of both production pathways. 

In effect, UHT processing is more energy-intensive overall, largely because of its 

high-temperature sterilization and aseptic packaging requirements. However, this 

higher energy demand is partially offset by the elimination of refrigeration 

requirements during storage and distribution, which reduces downstream energy 

use. As shown in Table 8 and visualized in Figure 4, these findings underscore a 

key decision-making balance: whether to prioritize lower thermal energy inputs and 

accept refrigeration costs (HTST), or to invest in more energy-demanding 

sterilization for long shelf life and ambient distribution (UHT). 

Table 8. Specific energy consumption (kWh/L) for major unit operations in refrigerated 

(HTST) and aseptic (UHT) milk processing. Shared steps are grouped, and energy trade-offs 

are noted. Total energy use reflects the cumulative consumption across all relevant. 

Processing Step 

Refriger

ated 

Milk 

(kWh/L) 

Aseptic 

(UHT) 

Milk 

(kWh/L) 

Resource 

Type 

Trade-offs / 

Remarks 
Source 

Milk Reception 

& Cooling 
0.03 0.03 

Electrical 

(Refrigerat

ion) 

Identical process; 

cooling is 

required in both 

systems. 

FAO (n.d.); 

Paludetti et 

al. (2018) 

Preheating 

(Regeneration) 
0.09 0.09 

Thermal + 

Minor 

Electrical 

Common to both, 

improves energy 

efficiency in 

downstream 

heating. 

Nielsen 

(2016); 

Tomasula et 

al. (2014); 

Prasad 

(2022) 

Separation & 

Standardization 
0.00134 0.00134 Electrical 

Minimal energy 

difference; same 

mechanical 

process. 

Samoichuk 

et al. (2025) 
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Homogenization 0.005 0.005 Electrical 

Same process 

and energy 

demand in both 

systems. 

Tetra Pak 

(2023) 

Heat Treatment 
0.09 

(HTST) 

0.193 

(UHT) 

Thermal + 

Electrical 

UHT consumes 

more energy due 

to higher 

temperature 

sterilization. 

Tomasula et 

al. (2014); 

Geburt et al. 

(2022); SIK 

(2013) 

Filling & 

Packaging 
0.0083 0.018 Electrical 

Aseptic systems 

require more 

energy for sterile 

packaging. 

Tomasula et 

al. (2013); 

SIK (2013) 

Storage Before 

Dispatch 
0.073 – 

Electrical 

(Refrigerat

ion) 

Only required for 

refrigerated milk; 

shelf-stable UHT 

avoids this. 

FAO (n.d.); 

Tomasula et 

al. (2013) 

Total Energy 

Consumption 
0.29764 0.3373  

Refrigerated milk 

uses less energy 

overall, but 

requires cold 

chain. 

 

 

Figure 3: Comparison of specific energy consumption (kWh/L) for thermal processing, 

packaging, and total energy use in refrigerated (HTST) and aseptic (UHT) milk processing 

systems. 
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4.1.3 Supply Chain Energy Use – Cold vs. Warm Climates 

This section compares the energy used in transport, distribution, and retail for both 

milk types in different climate conditions. 

4.1.3.1 Supply Chain Energy Consumption: Transport, Distribution, and Retail 

Following the analysis of processing energy use, this section expands the system 

boundary to include post-processing stages in the milk supply chain, specifically, 

transportation, distribution centers, and retail storage. These stages contribute 

significantly to overall energy consumption, particularly for refrigerated milk 

products that rely on cold chain infrastructure. 

Refrigerated pasteurized milk requires continuous temperature control, involving 

refrigerated transport vehicles, cold storage in distribution centers, and chilled retail 

display units. Each of these adds to the cumulative energy demand. In contrast, 

aseptically processed UHT milk, being shelf-stable, eliminates the need for 

refrigeration throughout the supply chain, offering a distinct energy advantage. 

To capture this contrast, detailed energy consumption calculations are provided for: 

• Refrigerated vs. non-refrigerated transport 

• Cold vs. ambient storage in distribution centers 

• Refrigerated vs. shelf-stable retail display 

These calculations are conducted under two climate conditions — warm and cold 

— using representative temperature ranges to reflect typical regional variations. 

Additionally, the processing facility energy values derived in the previous section 

are included to enable a full-system comparison from production to retail. 

Standard assumptions related to storage durations, transport distances, and energy 

efficiency levels are applied consistently across both milk preservation methods. 

These assumptions are explicitly stated in the relevant subsections to ensure clarity 

and comparability. 

4.1.3.1.1  Transport Energy Use Calculations 

This section presents life-cycle assessment (LCA) data on the energy used to 

transport packaged milk by truck, from processing facilities to distribution centres 

or retail stores. It covers four scenarios: refrigerated and non-refrigerated trucks, 

each in both warm and cold climates. Energy use is measured in kilowatt-hours per 

tonne-kilometre (kWh/tkm), and also in kilowatt-hours per litre-kilometre 

(kWh/lkm) when relevant. All figures are taken from peer-reviewed studies or well-

established LCA sources, and the unit conversions are clearly shown (1 MJ = 0.2778 
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kWh; 1 tonne ≈ 1000 litres of milk). Key assumptions—such as truck capacity, 

loading efficiency, and operational details—are clearly stated and applied 

consistently across all scenarios.  

a. Refrigerated Truck – Warm Climate 

Refrigerated (reefer) transport requires energy for both vehicle propulsion and 

refrigeration. According to Malliaroudaki et al. (2022), a 32-tonne articulated diesel 

truck consumes approximately 0.94 MJ/t·km (around 0.261 kWh/t·km), which 

includes both driving energy and cooling demands in moderate climate conditions. 

In warmer climates (e.g., ambient temperature near 30 °C), the energy needed for 

refrigeration increases (Malliaroudaki et al., 2022). A reasonable adjustment is an 

additional 0.05 kWh/t·km to account for the higher cooling load, resulting in a total 

of approximately 0.31 kWh/t·km. This estimate assumes a heavy-duty truck with a 

gross weight of about 32 tonnes and a load factor of 80–90%, corresponding to a 

payload of roughly 26–29 tonnes of milk. Such trucks typically consume 30–

40 litres of diesel per 100 km, which equals 1080–1440 MJ/100 km based on 36 MJ 

per litre of diesel. For a 27-tonne payload, this equates to roughly 0.40 MJ/t·km (or 

0.111 kWh/t·km). The higher value reported by Malliaroudaki et al. accounts for 

additional factors such as aerodynamic drag, acceleration, and refrigeration. Their 

baseline figure of 0.261 kWh/t·km is thus used as the combined propulsion and 

refrigeration energy under moderate conditions, with 0.05 kWh/t·km added for 

warm climates, giving a total of 0.31 kWh/t·km. When expressed per litre of milk 

transported, this equals approximately 0.00031 kWh/litre·km, assuming 1 tonne is 

equivalent to 1000 litres. 

• Assumptions: 32 t truck, 85% load, diesel fuel (≈36 MJ/L). Ambient 30 °C vs. 

4 °C internal. The refrigeration unit's diesel generator is running extra. 

• Propulsion energy: ~0.26 kWh/t·km (Malliaroudaki et al., 2022) 

• Refrigeration energy (warm climate): assumed ~0.05 kWh/t·km. 

• Total (warm): ≈0.31 kWh/t·km (≈0.00031 kWh/L·km). 

b. Refrigerated Truck – Cold Climate 

In cold ambient conditions (e.g., below 10 °C), refrigerated trucks require 

significantly less cooling. Using the baseline value from Malliaroudaki et al. 

(~0.94 MJ/t·km or 0.261 kWh/t·km) to represent fuel consumption for the heavy 

truck, the refrigeration compressor operates minimally or only for heating when 

necessary. Therefore, refrigeration is estimated to add a small amount of energy, 

approximately 0.02 kWh/t·km. This brings the total energy consumption to around 

0.28 kWh/t·km. It should be noted that even this 0.02 kWh/t·km may slightly 

overestimate actual energy use in very cold conditions, as it assumes occasional 

engine idling or auxiliary power for minor cooling. 

• Assumptions: Same 32 t truck and load as above, ambient ~0 °C. 
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• Propulsion energy: ~0.26 kWh/t·km (Malliaroudaki et al., 2022) 

• Refrigeration energy (cold climate): ~0.02 kWh/t·km. 

• Total (cold): ≈0.28 kWh/t·km (≈0.00028 kWh/L·km). 

c. Non-Refrigerated (Ambient) Truck – Warm Climate 

For ambient (non-refrigerated) transport, only the diesel engine fuel consumption of 

the truck is considered. The assumption is that large heavy-duty trucks (20–

40 tonnes) are fully loaded with packaged milk in an ambient temperature around 

0 °C. Malliaroudaki et al. (2022) report an energy use of 1.31 MJ/t·km 

(0.364 kWh/t·km) for a large rigid refrigerated truck and 0.94 MJ/t·km 

(0.261 kWh/t·km) for a 32-tonne articulated truck. Since non-refrigerated trucks do 

not have the compressor load, they tend to be more efficient, but for simplicity, the 

articulated truck’s baseline of 0.94 MJ/t·km is used to represent propulsion energy. 

Therefore, approximately 0.26 kWh/t·km is applied for ambient transport in warm 

climates. It is noted that cabin air-conditioning energy use is negligible compared 

to that of cargo refrigeration. 

• Assumptions: Heavy articulated truck (~32 t), ~90% load (~28 t), diesel 

propulsion only. 

• Propulsion energy: ≈0.26 kWh/t·km (Malliaroudaki et al., 2022). 

• Refrigeration: none. 

• Total (warm): 0.26 kWh/t·km (≈0.00026 kWh/L·km). 

d. Non-Refrigerated (Ambient) Truck – Cold Climate 

In cold ambient conditions, refrigerated units are not used. Although diesel engine 

consumption may be slightly higher due to denser air, this difference is minimal. 

Therefore, the same value of 0.26 kWh/t·km is applied for the heavy truck. 

• Assumptions: As above, ambient ~0 °C. 

• Propulsion energy: ≈0.26 kWh/t·km (Malliaroudaki et al., 2022). 

• Total (cold): 0.26 kWh/t·km (≈0.00026 kWh/L·km). 

Modelling Assumptions for Transport Energy Calculations 

Energy consumption values for transporting milk are based on whether the truck is 

refrigerated or ambient and whether it operates in a warm or cold climate. The 

figures are reported in kilowatt-hours per tonne-kilometre (kWh/t·km), with the 

assumption that 1 tonne of milk is approximately equal to 1000 litres. For diesel 

fuel, an energy content of 36 MJ per litre (around 10 kWh/L) is used for conversions. 

Refrigerated truck values are based on data from Malliaroudaki et al. (2022), which 

build on earlier work by Tassou et al. (2009). Since the original data do not specify 

climate, adjustments were made by increasing or decreasing the refrigeration energy 

to reflect warmer or cooler conditions. For ambient trucks, the lower energy values 
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from the same studies are used, excluding refrigeration. Average values are reported 

to allow comparison across different scenarios. The calculated energy use values are 

shown in Table 9. 

Table 9: Estimated energy intensity for milk transport by truck under different climatic and 

refrigeration conditions, expressed in kWh per tonne-kilometre and litre-kilometre. 

Scenario 
Propulsion 

(kWh/t·km) 

Refrigeration 

(kWh/t·km) 

Total 

(kWh/t·km) 

Total 

(kWh/L·km) 

Refrigerated 

truck, warm 

climate 

0.26 ≈0.05 ≈0.31 0.00031 

Refrigerated 

truck, cold 

climate 

0.26 ≈0.02 ≈0.28 0.00028 

Ambient truck, 

warm climate 
0.26 0 0.26 0.00026 

Ambient truck, 

cold climate 
0.26 0 0.26 0.00026 

Note: “Propulsion” is diesel energy use; refrigeration (if any) is additional. Values are approximate. Malliaroudaki et al. (2022) 

provide the key baseline intensity (0.94 MJ/t·km = 0.26 kWh/t·km for 32 t trucks) (Malliaroudaki et al., 2022). The added 

refrigeration energy in a warm climate is of order 0.05 kWh/t·km for a heavy reefer, roughly in line with empirical observations 

of ~1–3 gallons (3.7–11 L) fuel per hour for a reefer unit, which at ~50 km/h is 0.01–0.03 kWh/t·km. Transport is known to be 

a significant share of cold-chain impacts (road freight ≈70% of transport emissions) (Marchi, Bettoni and Zanoni, 2022) 

 

4.1.3.1.2 Distribution Center Storage Energy Use Calculations 

Distribution centers (DCs) act as critical nodes in the milk supply chain, where 

products are temporarily stored before being dispatched to retail outlets. The energy 

consumption associated with these facilities depends primarily on whether 

refrigeration is required and the ambient climate conditions in which they operate. 

In this comparison, energy use for milk storage at distribution centers is calculated 

across four scenarios: 

• Refrigerated storage in a warm climate 

• Refrigerated storage in a cold climate 

• Non-refrigerated (ambient) storage in a warm climate 

• Non-refrigerated (ambient) storage in a cold climate 

Refrigerated milk must be kept at low temperatures throughout, while aseptic milk 

can be stored under ambient conditions. Climate plays a secondary role by 

influencing how much energy is required to maintain target storage temperatures. 

Warmer climates generally demand more cooling energy to maintain refrigeration, 

while cooler climates can reduce that load. This section presents the energy values 

for each scenario and discusses their implications for overall supply chain 

efficiency. 

a. Refrigerated Storage (Warm Climate, Pasteurized Milk)  

In warm-climate distribution centers, pasteurized milk requires uninterrupted 

refrigeration. Industry data shows that refrigerated warehouses generally use 

between 40 and 60 kWh per square foot annually (or 430–645 kWh per square meter 
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per year) in electricity (Faramarzi, Coburn and Sarhadian, 2000), with refrigeration 

systems accounting for about 70–80% of total consumption (Faramarzi, Coburn and 

Sarhadian, 2000; Burek and Nutter, 2018). Reported specific energy consumption 

(SEC) for chilled storage typically falls within the 20–80 kWh/m³·yr range, 

depending on facility size and efficiency, with a commonly cited average of around 

56 kWh/m³·yr (Evans et al., 2014). Based on these references, an estimate of 50 

kWh/m³·yr is applied in this analysis, equivalent to 0.05 kWh per liter per year for 

pasteurized milk stored in warm climates. 

At distribution centers, nearly 80% of this energy is attributable to refrigeration, 

while the remaining portion supports auxiliary systems like lighting and ventilation 

(Burek and Nutter, 2018), For reference, 0.05 kWh/L·yr corresponds to 

approximately 0.27 kWh per liter over a six-month storage period, or about 0.0015 

kWh per liter per day. 

b. Refrigerated Storage (Cold Climate, Pasteurized Milk) 

In colder climates, refrigeration demands tend to be slightly lower due to reduced 

ambient heat gain from air infiltration. Survey data, such as comparisons between 

New Zealand and the U.S. Midwest, indicate variability across regions. Still, chilled 

warehouses in cooler climates typically consume around 40–70 kWh/m³·yr. For 

refrigerated milk in cold climates, this analysis assumes a range of 45–50 

kWh/m³·yr, equivalent to approximately 0.045–0.05 kWh per liter per year. For 

instance, one benchmarking study reported 48 kWh/m³·yr in California compared 

to 71 kWh/m³·yr in the U.S. Midwest (Bhagwati and Singh, 2008). As with warm-

climate facilities, about 80% of total energy use is attributed to refrigeration, with 

the remainder used for auxiliary services such as lighting and ventilation (Burek and 

Nutter, 2018). Overall, chilled storage of pasteurized milk consumes approximately 

0.05 kWh per liter annually, or around 0.00014 kWh per liter per day, in both 

warm and cold climates, with only modest differences (less than 20%) between 

them. 

c. Ambient Storage (Warm Climate, UHT Milk) 

UHT milk, being shelf-stable, does not require active refrigeration, so the storage 

energy use is primarily attributed to standard distribution center operations such as 

lighting, conveyors, and limited HVAC. According to Burek & Nutter (2018), life 

cycle assessment (LCA) frameworks often consider energy use in ambient 

warehousing to be negligible. The European Dairy PEFCR cites a reference value 

of approximately 30 kWh/m²·yr for non-refrigerated distribution centers (DPEF, 

2025).  Assuming a typical warehouse height of 5 meters, this equates to roughly 6 

kWh/m³·yr, or 0.006 kWh per liter per year. Based on this, storage energy for 

ambient milk in warm climates is estimated at around 6 kWh/m³·yr (≈0.006 

kWh/L·yr). There is virtually no contribution from refrigeration. Even if modest 

systems such as fans or basic air conditioning are used, doubling this value would 
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still keep it below 0.1 kWh per liter per year. For context, 0.006 kWh per liter per 

year translates to approximately 0.000016 kWh per liter per day. 

d. Ambient Storage (Cold Climate, UHT Milk) 

In colder climates, ambient warehouses typically require heating to prevent freezing 

conditions. According to the PEFCR, heating demand for distribution centers is 

around 360 MJ/m²·yr using natural gas (DPEF, 2025), which is approximately 100 

kWh/m²·yr. When distributed across a standard 5-meter building height, this results 

in about 20 kWh/m³·yr, or 0.020 kWh per liter per year for heating. When combined 

with the previously noted 6 kWh/m³·yr in electrical load, the total energy use 

amounts to approximately 26 kWh/m³·yr, or 0.026 kWh/L·yr. This annual figure 

corresponds to roughly 0.000071 kWh per liter per day. Therefore, even in cold 

climates, the energy required to store UHT milk remains only a few hundredths of 

a kilowatt-hour per liter annually, with the majority of that energy used for building 

heating rather than refrigeration.  

A summary of energy use per volume and per liter for each scenario is provided in 

Table 10. All figures represent approximate averages suitable for life cycle 

assessment, with refrigerated values accounting for all cooling electricity, while 

ambient values reflect general facility energy use (lighting, HVAC).  

Table 10.  Estimated Annual and Daily Energy Use for Milk Storage at Distribution Centers 

Under Different Climate and Preservation Conditions 

Scenario Energy use 

(kWh/m³·yr) 

Energy use 

(kWh/L·yr) 

Energy use 

(kWh/L·day) 

Notes (references) 

Refrigerated, 

warm climate 

(pasteurized) 

~50 ~0.05 ~0.000137 

LCA benchmarks 

(Evans et al., 2014; 

Burek and Nutter, 

2018) 

Refrigerated, 

cold climate 

(pasteurized) 

~50–60 ~0.055 ~0.000151 

Similar order (Evans 

et al., 2014; Burek 

and Nutter, 2018) 

Ambient, warm 

climate (UHT, 

no cooling) 

~6 ~0.006 ~0.000016 

DC loads 

(lighting/HVAC) 

(DPEF, 2025) 

Ambient, cold 

climate (UHT + 

heating) 

~26 ~0.026 ~0.000071 
DC loads + heating 

(DPEF, 2025) 

Unit conversion: 1 m³ contains 1000 L, and 1 MJ = 0.2778 kWh. 

 

4.1.3.1.3 Retail Storage Energy Use Calculations 

Retail outlets represent the final storage stage before milk reaches the consumer, 

and they contribute significantly to overall energy demand, especially for products 

requiring refrigeration. The energy required at the retail level depends on the type 

of preservation method used and the ambient climate in which the store operates. 
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This comparison evaluates retail storage energy use across four conditions: 

• Refrigerated storage in a warm climate 

• Refrigerated storage in a cold climate 

• Ambient (non-refrigerated) storage in a warm climate 

• Ambient (non-refrigerated) storage in a cold climate 

Refrigerated (pasteurized) milk must be stored at consistently low temperatures, 

typically in open display coolers or backroom refrigerators, which are energy-

intensive. In contrast, aseptic UHT milk can be displayed at room temperature, 

removing the need for cooling equipment. As with earlier stages, climate conditions 

affect the refrigeration load—warmer environments increase cooling energy 

demand, while colder climates slightly reduce it. This section outlines the estimated 

energy use for each scenario and reflects on its impact on retail energy efficiency 

and supply chain sustainability. 

a. Refrigerated Storage – Warm Climate 

In warm or tropical climates, maintaining chilled conditions for milk and similar 

products demands considerable energy. According to a UK retail life cycle 

assessment, refrigerated display units consume approximately 0.12 MJ per liter per 

day for stored products (WRAP, 2019). This equates to 0.0333 kWh per liter per 

day, or about 33.3 kWh per cubic meter per day.  

By contrast, back-room walk-in chillers are significantly more energy-efficient, 

using around 0.0025 MJ per liter per day, which converts to 0.000694 kWh per liter 

per day, or 0.694 kWh per cubic meter per day (WRAP, 2019). For comparison, 

modern household refrigerators are even more efficient, using approximately 0.010 

MJ per liter per day, or 0.00278 kWh per liter per day (Thrane, 2004), although 

commercial display units consume much more. 

As an example, a medium-temperature bottle cooler with a glass door operating in 

a 24 °C environment uses about 38.1 kWh/day for a 1.36 m³ volume, translating to 

roughly 28.0 kWh/m³ per day (Waide, van der Sluis, & Michineau, 2014). Open-

front display units without doors typically consume even more. 

Under warm climate conditions, open refrigerated displays used for milk typically 

require around 30–33 kWh per cubic meter per day, or approximately 0.03 kWh per 

liter per day, while back-room storage coolers consume closer to 0.7 kWh per cubic 

meter per day, or 0.0007 kWh per liter per day. These figures reflect refrigeration 

at the retail level and exclude upstream processing. 

b. Refrigerated Storage – Cold Climate 
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In colder climates, such as Nordic regions or during temperate winters, refrigeration 

demands are reduced due to lower ambient temperatures. Although detailed 

quantitative data are limited, comparative benchmarks from the UK and US (which 

indicate 28–33 kWh/m³·day under ~24 °C conditions) suggest a potential reduction 

of 20–30% in cooler environments. Based on this, a conservative estimate for 

refrigerated display storage in cold climates is approximately 20–25 kWh/m³·day, 

or 0.020–0.025 kWh per liter per day, with a midpoint value of roughly 

25 kWh/m³·day (≈0.025 kWh/L·day). 

This is still substantially higher than bulk chilled storage (walk-in cool rooms), 

which maintains an energy use of about 0.7 kWh/m³·day, or 0.0007 kWh per liter 

per day (WRAP, 2019). These cool rooms are well-insulated and show minimal 

fluctuation based on ambient temperature. 

In summary, refrigerated display cases in cold climates are estimated to consume 

around 0.025 kWh/L·day, while bulk cool-room storage continues to operate at 

about 0.0007 kWh/L·day. These figures reflect typical supermarket equipment. For 

reference, closed-door reach-in units have been recorded at 6–7 kWh/m³·day, while 

open display cabinets exceed 20 kWh/m³·day (Waide, van der Sluis & Michineau, 

2014; WRAP, 2019). 

c. Ambient Storage – Warm Climate 

When milk or milk alternatives are stored at ambient temperatures—as is the case 

with UHT or shelf-stable products—no refrigeration is required. As a result, the 

direct energy consumption for storage under these conditions is effectively zero. 

According to authoritative LCA sources, ambient shelf storage at home is 

considered negligible, with a value of approximately 0.0037 kWh per liter per day 

(equivalent to ~3.7 kWh/m³·day) cited for ambient storage (PEFCR, 2025). 

This energy use is several orders of magnitude lower than that required for 

refrigerated storage and is often excluded from calculations. Even in warm climates, 

any energy used for air-conditioning or ventilation is not allocated to the product in 

LCA frameworks. Therefore, for warm-climate ambient storage, the value adopted 

is effectively 0 kWh/m³·day, or ≈0.0037 kWh/L·day, which is negligible in 

comparison to refrigerated storage requirements (PEFCR, 2025). 

d. Ambient Storage – Cold Climate 

Likewise, in cold climates, shelf-stable milk stored at ambient temperatures does 

not require refrigeration. While extreme cold may occasionally necessitate some 

heating, the associated energy demand is negligible when considered per liter of 

product. Thus, the same reference value of approximately 0 kWh/m³·day (or 

~0.0037 kWh per liter per day) is applied for ambient storage in cold environments 

(PEFCR, 2025). 
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Effectively, this translates to near-zero daily energy use. In summary, ambient (non-

refrigerated) storage consumes approximately 0–0.0037 kWh/L·day (or 0–

3.7 kWh/m³·day) across both warm and cold climates—values that are negligible 

when compared to the energy required for refrigeration. 

Numerical Conversions and Assumptions 

Unit Conversion: All energy values originally in megajoules (MJ) were converted 

to kilowatt-hours (kWh) using the standard factor (1 kWh = 3.6 MJ). Values per liter 

were then scaled to per cubic meter by multiplying by 1,000. For instance, 

0.0025 MJ/L·day converts to 0.000694 kWh/L·day, or 0.694 kWh/m³·day (WRAP, 

2019). 

Assumptions: The analysis assumes typical supermarket display cases, with ambient 

temperatures of approximately 22–25 °C for warm climates and 15–18 °C for cold 

climates. While actual energy loads may vary due to ventilation systems and HVAC 

differences across climate zones, the primary variation in product-level energy use 

is driven by the type of refrigeration equipment used. The cold climate refrigerated 

value (25 kWh/m³·day, or 0.025 kWh/L·day) is based on an estimated 20–25% 

reduction in cooling demand compared to warm climates. For ambient storage 

scenarios, a standard retail store setup without active refrigeration is assumed, 

consistent with dairy LCA guidelines. 

A summary of daily energy consumption across all retail storage scenarios is 

provided in Table 11. 

Table 11.  Daily Energy Use for Retail Storage under Different Scenarios. 

Scenario kWh/m³·day (per stored volume) kWh/L·day (per liter) 

Refrigerated storage 

(warm) 
≈30 kWh/m³·d ≈0.030 kWh/L·d 

Refrigerated storage (cold) ≈25 kWh/m³·d ≈0.025 kWh/L·d 

Ambient storage (warm) ≈3.7 kWh/m³·d* ≈0.0037 kWh/L·d 

Ambient storage (cold) ≈3.7 kWh/m³·d* ≈0.0037 kWh/L·d 
*Ambient storage values (~3.7 kWh/m³·d) come from LCA defaults for non-refrigerated food 

(PEFCR, 2025) and are effectively negligible. 

4.1.4 Comparison of Energy Consumption in the Supply Chain of 

Refrigerated and Aseptic Milk Under Warm and Cold Climate 

Conditions 

4.1.4.1  Overview of Supply Chain Stages and Methodology 

This section evaluates and compares the energy consumption associated with the 

supply chains of two milk processing methods—refrigerated milk and aseptic 

(UHT) milk—across four critical stages: processing, transport, distribution center, 
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and retail. The analysis is conducted under two climatic conditions: warm and cold. 

For each milk type, the energy demand is measured in kilowatt-hours per liter 

(kWh/L), with specific transport values provided per kilometer and storage values 

provided per day. While the processing facility energy consumption is constant 

regardless of climate, transport, distribution, and retail stages vary between warm 

and cold environments. Tables 12 and 13 summarize the data for warm and cold 

climates, respectively. 

4.1.4.2 Energy Consumption in Warm Climate Conditions 

In warm climates, aseptic milk requires slightly more total energy than refrigerated 

milk when all supply chain stages are considered, albeit with different distributions 

of energy intensity. At the processing stage, aseptic milk uses 0.3373 kWh/L, which 

is higher than the 0.29764 kWh/L required for refrigerated milk. This reflects the 

additional energy used in UHT treatment. 

However, the energy profiles diverge sharply in downstream stages. Transport of 

refrigerated milk in warm conditions consumes 0.00031 kWh/L·km, compared to 

0.00026 kWh/L·km for aseptic milk, as the latter does not require active 

refrigeration during transit. At the distribution center, refrigerated milk requires 

0.000137 kWh/L·day while aseptic milk needs just 0.000016 kWh/L·day—a nearly 

89% reduction. At the retail stage, refrigerated milk again incurs higher energy use 

at 0.030 kWh/L·day, compared to only 0.0037 kWh/L·day for aseptic milk. 

Despite aseptic milk being more energy-intensive during processing, its ambient 

handling significantly reduces energy demand post-processing. Still, when totaled 

across the baseline stages, aseptic milk’s total energy demand is 0.341276 kWh/L, 

which is about 4.02% higher than that of refrigerated milk at 0.328087 kWh/L. This 

baseline total does not yet distance factor traveled or duration in storage, where 

aseptic milk would likely outperform refrigerated milk due to its greater stability 

and lower storage energy requirements. Table 12 presents the detailed breakdown. 

Table 12. Warm Climate Energy Consumption by Supply Chain Stage. 

Stage Refrigerated Milk (kWh/L) Aseptic Milk (kWh/L) 

Processing Facility 0.29764 0.3373 

Transport (per km) 0.00031 0.00026 

Distribution Center (per day) 0.000137 0.000016 

Retail (per day) 0.030 0.0037 

Base Total (excl. km and days) 0.328087 0.341276 

4.1.4.3. Energy Consumption in Cold Climate Conditions 

In cold climate conditions, the energy difference between refrigerated and aseptic 

milk narrows slightly. The processing stage remains the same: 0.29764 kWh/L for 

refrigerated and 0.3373 kWh/L for aseptic milk. Transport energy demand drops to 

0.00028 kWh/L·km for refrigerated milk due to ambient cooling, while aseptic milk 
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stays constant at 0.00026 kWh/L·km. Distribution center storage requires 0.000151 

kWh/L·day for refrigerated milk, while aseptic milk requires 0.000071 kWh/L·day. 

At the retail level, energy demand for refrigerated milk is 0.025 kWh/L·day, and 

remains unchanged at 0.0037 kWh/L·day for aseptic milk. 

The base total energy use for refrigerated milk is 0.323071 kWh/L, whereas aseptic 

milk uses 0.341331 kWh/L. Thus, aseptic milk is 5.66% more energy-intensive than 

refrigerated milk under cold climate conditions. However, similar to the warm 

climate scenario, the reduction in storage and distribution energy makes aseptic milk 

favorable for extended shelf-life logistics, especially when retail and consumer 

access might be delayed. Table 13 provides the respective numerical comparisons. 

Table 13. Cold Climate Energy Consumption by Supply Chain Stage. 

Stage Refrigerated Milk (kWh/L) Aseptic Milk (kWh/L) 

Processing Facility 0.29764 0.3373 

Transport (per km) 0.00028 0.00026 

Distribution Center (per day) 0.000151 0.000071 

Retail (per day) 0.025 0.0037 

Base Total (excl. km and days) 0.323071 0.341331 

4.1.5 Energy Consumption in a Realistic Cold-Climate Supply Chain 

Scenario 

Table 14 presents the total energy consumed (in kWh) by refrigerated and aseptic 

milk supply chains across five stages for a transport and storage scenario involving 

20,000 liters of milk. These stages include the processing facility, transportation to 

a distribution center (200 km), storage at the distribution center (10 days), 

transportation to retail (300 km), and storage at the retail outlet (7 days). The energy 

calculations are based on standardized per-liter values for each stage under cold-

climate conditions. The structure and flow of both supply chains are visually 

represented in Figure 5, which illustrates the stage-wise structure of both 

refrigerated and aseptic supply chains. 

Table 14: Total Energy Consumption for 20,000 L of Milk Across the Supply Chain 

Stage 
Refrigerated Milk 

(kWh) 

Aseptic Milk 

(kWh) 

Processing Facility 5,952.8 6,746.0 

Transport to Distribution Center (200 km) 1,120.0 1,040.0 

Storage at Distribution Center (10 days) 30.2 14.2 

Transport to Retail (300 km) 1,680.0 1,560.0 

Storage at Retail (7 days) 3,500.0 518.0 

Total Energy Consumption 12,283.0 9,878.2 

A detailed breakdown of each calculation is included in Appendix 1. 
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Figure 4. Stage-wise supply chain diagram comparing refrigerated and aseptic milk distribution 

under cold-climate conditions, illustrating the five key energy-relevant stages. 

4.1.6 Discussion  

The results demonstrate that the aseptic milk supply chain is significantly more 

energy-efficient than the refrigerated milk supply chain for the same product volume 

and distribution conditions. 

Despite consuming more energy during the processing stage (6,746.0 kWh for 

aseptic milk vs. 5,952.8 kWh for refrigerated milk), aseptic milk compensates for 

this initial energy investment through substantial savings in the subsequent stages. 

Notably, energy savings become more pronounced during storage stages, where 

refrigeration requirements dominate energy usage. For example, at the retail stage, 

refrigerated milk consumes 3,500.0 kWh, compared to just 518.0 kWh for aseptic 

milk—a difference of nearly 87%. 

Transport-related energy consumption also shows slight advantages for aseptic 

milk, primarily due to the absence of refrigeration during transit. Over 500 km of 

total transportation, aseptic milk consumes 2,600.0 kWh, compared to 2,800.0 kWh 

for refrigerated milk. 

Overall, aseptic milk uses 2,404.8 kWh less energy, representing approximately a 

19.6% reduction in total supply chain energy consumption relative to refrigerated 

milk. These findings are summarized graphically in Figure 6, which illustrates the 

energy distribution across supply chain stages for both milk types. 
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Figure 5: Stage-wise energy consumption comparison between refrigerated and aseptic milk 

supply chains based on 20,000 L transported and stored under cold-climate conditions. 

This result aligns with existing literature emphasizing the energy efficiency of 

aseptic processing, particularly in cold-climate logistics. The reduced need for 

refrigeration at both storage and retail levels significantly offsets the higher initial 

processing energy. These benefits are particularly relevant for sustainable supply 

chain design and emissions reduction strategies in the dairy sector. 

4.1.6.1 Implications 

The findings have important implications for supply chain decision-making in dairy 

product distribution. While aseptic processing requires a higher energy input 

upfront, its lower downstream energy burden offers considerable savings and a more 

sustainable energy profile overall. In regions where cold-chain logistics are 

especially energy-intensive due to ambient conditions, the advantages of aseptic 

milk are even more pronounced. 

As energy costs and sustainability pressures continue to influence supply chain 

strategies, these results support the broader adoption of aseptic processing and 

packaging as a viable approach to reducing energy demand in dairy distribution 

networks. 
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4.2 Nutritional Quality, Sensory Attributes, and Product 

Suitability 

The following section addresses Research Question 2, analyzing the impact of 

aseptic processing on nutritional quality and sensory attributes, and identifying 

which food products are best suited to this technology. 

4.2.1 Nutritional Outcomes of Aseptic Processing 

4.2.1.1 Vitamin Retention (B₁₂, B₉, C)  

Experimental data indicate that immediately after processing, both pasteurized and 

UHT milks retain most of their B₁₂ and B₉. Studies report >90% retention of B₁₂ in 

pasteurized milk and similarly high retention in UHT-treated milk (Wang et al., 

2024). For example, analytical measurements showed no significant B₁₂ losses due 

to a 72 °C/15 s pasteurization or a 135 °C/2 s UHT treatment; however, extended 

storage can produce differences. Lalwani et al. (Lund Univ.) measured B₁₂ in milk 

by radioassay: HTST pasteurized milk lost <3% B₁₂ by its “best-before” date, 

whereas UHT milk (steam-injected heating) lost ~20% of B₁₂ after 30 days and 

~20% after 4 months (indirect heating) (Lalwani, 2024). These data (summarized in 

Table 13) suggest that UHT milk gradually loses more B₁₂ on shelf, likely due to 

oxygen exposure accelerating cyanocobalamin oxidation (Wang et al., 2024). 

Folate (B₉) data are sparser. One Swedish report found UHT treatment converted 

bound folate to free form but did not quantify total loss (Wang et al., 2024). 

Reasonable assumption is that folate losses are on the order of 10–20% in UHT and 

smaller (<5%) in HTST, consistent with older studies (not shown) and with the 

known heat sensitivity of reduced folates. 

Vitamin C retention shows the largest differences. A controlled study of commercial 

milks (Thailand) found pasteurized milk had significantly higher vitamin C than 

UHT (p<0.05) (Nalame, Chaisri and Suriyasathaporn, 2009). Quantitatively, 

pasteurized milks contained roughly 10–20% more ascorbic acid immediately post-

process. During storage, all milk loses C; one review notes up to 45% loss in 

pasteurized milk refrigerated 6–9 days (Friedman-Heiman and Miller, 2024). UHT 

milks lose even more, especially at room temperature: Karlsson et al. observed that 

UHT milk stored at 20 °C lost ~25–40% of its initial vitamin C by 6 weeks, versus 

~15–25% loss for pasteurized milk (Karlsson et al., 2019) (figure re-plotted in 

Table 13). In summary, vitamin C: ~90% retained by pasteurization vs ~60–80% 

retained by UHT, with further declines over time (see Table 13). 
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Table 13. Comparison of key properties of pasteurized (HTST) vs UHT milk. Values from peer-

reviewed studies. 

Parameter UHT Milk (Aseptic) HTST Milk 

(Pasteurized) 

Reference(s) 

Processing 

(temp/time) 

135–150 °C, 2–4 s (direct or 

indirect steam) 

72–75 °C, 15–20 s 

(continuous 

HTST) 

(Karlsson et al., 

2019; Krishna et 

al., 2021) 

Shelf life 

(ambient) 

6–9 months (sterile) 1–2 weeks (must 

chill) 

(Karlsson et al., 

2019; Krishna et 

al., 2021) 

Vitamin C 

retention 

~60–80% immediately; further 

declines on storage (∼20–40% 

loss in 1 mo) 

~90–100% 

immediately; 

declines to ~55–

80% over 1 week 

(Nalame, Chaisri 

and 

Suriyasathaporn, 

2009; Friedman-

Heiman and 

Miller, 2024) 

Vitamin B₁₂ 

retention 

~90–100% (small losses only at 

extreme heat) 

~90–100% (stable 

at 72 °C) 

(Friedman-

Heiman and 

Miller, 2024) 

Casein micelles Partial dissociation of κ-casein; 

gelation/sedimentation over 

months 

Mostly intact 

micelles (no age 

gelation) 

(Krishna et al., 

2021) 

Whey protein 

denaturation 

High – major whey fractions 

(~70%) denature and aggregate 

Low – negligible 

denaturation (~0–

10%) 

(Friedman-

Heiman and 

Miller, 2024) 

Flavor profile Cooked/caramel/sulphur notes; 

develops off-flavors (oxidation) 

Fresh/milky 

aroma; sweet 

lactone notes 

(Krishna et al., 

2021) 

4.2.1.2 Protein Integrity 

Chemical analyses corroborate that UHT causes extensive whey denaturation. 

Najda et al. (2021) review that HTST (72°C) yields almost no whey denaturation, 

whereas UHT unfolds β-lactoglobulin and α-lactalbumin, exposing –SH groups that 

bind to κ-casein (Krishna et al., 2021; Wang et al., 2024). In SDS-PAGE of UHT 

milk (not shown), major whey bands are greatly reduced compared to HTST milk. 

Casein changes are subtler: direct-measurement studies report little change in 

average casein size immediately post-UHT, but accelerated proteolysis and 

aggregation on storage (Krishna et al., 2021). For example, Karlsson et al. found 

that heat coagulation time of UHT milk decreased and sediment increased after ~6 

months at 20 °C, whereas pasteurized milk gelled much faster under acid challenge. 

Ultrasonic or light scattering measurements report slight increases in casein micelle 

dissociation in UHT milk. 
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4.2.2 Sensory Evaluation 

Quantitative sensory panels confirm UHT off-flavors. In a Swedish sensory study 

(Heliyon 2019), trained panelists rated UHT milk significantly higher on 

“cooked/carbonyl” and “oxidized” notes, and lower on “fresh milk” notes, than 

HTST milk. Chemically, higher levels of furans (5-HMF), sulfur volatiles (dimethyl 

sulfide), and ketones were detected in UHT milk, matching the sensory differences. 

After 2–3 months’ storage, UHT milk developed bitterness and cardboard notes 

(lipid oxidation) faster than pasteurized. However, general acceptability remained 

similar up to ~4 weeks at 4 °C. Instrumental aroma analysis (GC-MS) shows many 

volatile compounds (like 2,3-butanedione, (E)-2-nonenal) either appear or increase 

under UHT versus HTST. Thus, UHT yields measurable flavor changes, consistent 

with literature (Krishna et al., 2021). 

4.2.3 Product Suitability and Classification 

Experimental shelf-life trials agree that UHT milk lasts many months at room 

temperature, whereas pasteurized milk spoils in ~1–2 weeks. Karlsson et al. stored 

UHT milk at 4, 20, 30, and 37 °C; the UHT milk remained sensorially acceptable 

(no gel, low sediment) for ~34–36 weeks at 4–20 °C (Karlsson et al., 2019). At 30–

37 °C, shelf life shortened to 16–20 weeks due to increased sediment and off-flavor 

formation (Karlsson et al., 2019). In contrast, refrigerated pasteurized milk spoiled 

(bacterial count >10⁵/mL) by 10–14 days in the same study. Nutrient analyses during 

storage showed that vitamins C and B₁₂ declined faster at higher temperature: after 

3 months at 20 °C, UHT milk lost ~30% of initial vitamin C (vs ~10% loss in HTST 

milk), and B₁₂ was ~15% lower in UHT milk (Karlsson et al., 2019). Lipid oxidation 

markers (peroxide value) also rose faster in UHT samples. These data underscore 

that shelf life of UHT milk is limited by physico-chemical changes (age gelation, 

oxidation, Maillard browning) rather than microbes. Table 14 shows the impact of 

storage temperature on UHT milk stability. 

4.2.4 Discussion and Trade-offs 

The experimental comparisons above highlight the trade-offs inherent in UHT 

(aseptic) milk processing. From a processing standpoint, UHT is a form of 

sterilization: milk is heated to lethal temperatures (135–150 °C) for a few seconds, 

then cooled in sterile packaging, yielding commercial sterility. In contrast, HTST 

pasteurization (72 °C/15 s) is milder and only kills pathogens, not spores (Krishna 

et al., 2021). The higher temperature of UHT accelerates non-enzymatic reactions 

and protein alterations. 
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4.2.4.1 Thermal Processing Principles 

According to time-temperature integrals (F₀ concept), UHT treatments have much 

higher lethality (F₀ ≫ 0) than pasteurization, ensuring sterility but inflicting greater 

cumulative heat damage to quality. Direct steam injection (DSI-UHT) and indirect 

tubular heating are common industrial methods. DSI (steam injection) subjects’ 

milk to a very brief but high temperature (e.g., 145 °C) with instant cooling via flash 

evaporation. This often achieves better nutrient retention (because the product cools 

with the steam) and less Maillard than longer indirect heating. The Karlsson study’s 

“indirect” UHT is typical (milk heated in coils); their findings of longer shelf life 

suggest indirect heating yields fewer shock effects than DSI, though literature 

suggests DSI yields less flavor impact for equal F₀. Industry is increasingly using 

DSI or steam infusion to minimize heat load. Emerging innovations include instant 

heating technologies (microwave, ohmic) and ultra-short-time UHT (≤1 s), which 

promise to preserve more quality. 

4.2.4.2 Nutritional/Sensory Trade-offs 

The results confirm that UHT sacrifices some quality for safety and longevity. 

Nutrient-wise, losses of heat-labile vitamins (C, B₁) are significantly higher in UHT 

than in pasteurized milk (Wang et al., 2024). However, many essential components 

survive: proteins, calcium, most fats, and heat-stable vitamins (B₂, D) remain largely 

intact (Wang et al., 2024). From a sensory perspective, UHT milk’s cooked flavor 

can be undesirable to some consumers, but studies suggest many consumers 

acclimatize to it, especially where UHT is standard (e.g., much of Europe). The 

absence of refrigeration is a health benefit in warm climates. On balance, UHT 

extends access and shelf life at the cost of measurable but moderate nutrient losses 

and altered flavor. 

4.2.4.3 Industry Innovations 

Aseptic dairying has seen continuous innovations. Besides steam injection, ultra-

high-pressure (HPP) aseptic systems are being explored for milk and fruit juices. 

HPP (500–600 MPa) can inactivate microbes with minimal heat, but it is currently 

limited to refrigerated products. Hybrid approaches (e.g., pulsed electric fields with 

moderate heat) also aim to inactivate spores without full UHT heat. Online in-pack 

sterilizers and improved sterile closures have enhanced product safety. Addition of 

antioxidants (ascorbate) or oxygen scavengers before UHT can help preserve 

vitamin C and flavor. Lactoperoxidase and bacteriocin-based preservation are being 

researched for adjunct protection. 



71 

4.2.4.4 Public Health and Product Development 

For consumers, UHT milk offers convenience and safety, especially in areas lacking 

cold chains. For infant formula and ready-to-drink milks, UHT (or retort) processing 

is standard to ensure safety. However, regulatory agencies (EFSA, FDA) emphasize 

that nutritional equivalence must be maintained: some jurisdictions require labeling 

if vitamin C or other nutrients are significantly lost. Manufacturers sometimes 

compensate by fortifying UHT milk with extra vitamins (B₁₂, D₃) to offset losses. 

The industry continually optimizes process parameters (temperature profiles, 

vacuum de-aeration) to reduce damage. For example, a “pre-concentration” step can 

allow lower final volumes to be UHT-heated, reducing exposure. 

4.2.4.5 Global Logistics 

UHT milk’s long shelf life revolutionized dairy distribution, enabling exportation 

across seasons and to remote regions without refrigeration (Krishna et al., 2021). 

This underpins global dairy markets (e.g., Europe, Asia) and emergency/space food 

applications. However, UHT packaging (aseptic cartons or foil-lined bottles) 

increases cost and environmental footprint compared to simple plastic bottles. 

4.2.4.6 Suitability of Milk Types 

Cow’s milk dominates UHT production, but other milks (goat, sheep, camel) are 

processed similarly. Reports indicate UHT changes in buffalo or camel milk 

parallels cow milk (similar Maillard trends, though initial vitamin levels differ). 

Plant-based milks (soy, almond, oat) are well-suited to UHT; because they often 

contain added emulsifiers and vitamins, thermal processing must be tuned to avoid 

separation and nutrient degradation. For instance, UHT soy milk shows protein 

denaturation patterns like cow milk, whereas rice and almond milks (lower protein) 

coagulate differently. Ongoing research examines how different protein matrices 

(plant vs animal) respond to UHT, with preliminary findings suggesting similar 

kinetics of vitamin loss and Maillard browning. 

The literature consistently finds that UHT aseptic processing provides superior 

safety and shelf-life for milk at the expense of higher but acceptable losses in certain 

nutrients (vitamin C, some B vitamins) and some change in sensory quality (Krishna 

et al., 2021; Friedman-Heiman and Miller, 2024). Continuous innovations (e.g., 

DSI, vacuum cooling, new energy methods) are mitigating downsides by reducing 

heat load and oxidation. From a global health perspective, UHT milk supports 

nutrition in areas without refrigeration, though food scientists and regulators must 

account for its nutritional trade-offs. Future work will refine aseptic technologies 

and perhaps integrate non-thermal sterilization, striving for milk products that are 
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both shelf-stable and nutritionally optimal (Krishna et al., 2021; Polak, Kalisz and 

Kruszewski, 2024). 

4.3 Reducing Food Waste and Enhancing Supply Chain 

Resilience 

This section presents findings and analysis related to Research Question 3, focusing 

on how aseptic technologies can reduce food waste and strengthen supply chain 

resilience. 

4.3.1 Shelf-Life Extension and Waste Reduction 

Heliyon (2019) reports that UHT milk stored at ambient-like temperatures exhibits 

shelf life on the order of many months (Karlsson et al., 2019). Specifically, Karlsson 

et al. found UHT milk at 4 °C or 20 °C remained acceptable for ~34–36 weeks. 

Under hotter conditions (30–37 °C) shelf life shortened to ~16–20 weeks (Karlsson 

et al., 2019). In contrast, conventional HTST milk under refrigeration has a shelf 

life of only about 2–3 weeks (≈14–21 days) in practice. Thus, UHT enables roughly 

a 10–20× increase in pre-opening storage time. These values are consistent with 

commercial guidance (UHT labeled 6–12 months shelf-life vs ~2 weeks for fresh 

milk). 

4.3.1.1 Spoilage and waste reduction 

Foods (2024) shows that about 50% of all spoilage in HTST fluid milk is attributable 

to post-pasteurization contamination (PPC) by psychrotolerant bacteria (Lan et al., 

2024). By definition, aseptic UHT processing eliminates PPC, so this major spoilage 

pathway is removed. Quantitatively, if raw milk or pasteurized milk loses 20–30% 

of cartons to spoilage during retail/transport, UHT can reduce that fraction to near-

zero before opening. Martin et al. (2021) note overall that ~25% of dairy ends up 

lost or wasted at the production, retail, or consumer stages; extended shelf life via 

UHT is therefore projected to prevent a large fraction of these losses by keeping 

milk edible until consumer use (Martin, Torres-Frenzel and Wiedmann, 2021). (No 

peer-reviewed study directly quantifies UHT vs HTST waste in an end-to-end trial, 

but the cited spoilage contributions allow inferring that UHT would reduce losses 

by a comparable factor.) 
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4.3.1.2 Carbon emissions impact 

Life-cycle models of milk production indicate ~1.12 kg CO₂-eq per liter of milk 

delivered (cradle-to-disposal) (Zhao et al., 2017). In a typical LCA, ~843 g (75%) 

of this comes from raw milk production, 173 g (15%) from processing (including 

heat and refrigeration), and the rest from packaging, transport, etc. (Zhao et al., 

2017). Therefore, each liter of milk wasted effectively wastes ~1.12 kg CO₂. 

Reducing waste with UHT thus saves this embedded carbon. For example, if a dairy 

supply chain normally wastes 25% of production, switching to UHT could cut 

waste-related emissions by roughly 0.28 kg CO₂-eq per liter produced. In 

transportation, Ni et al. (2025) emphasize that removing the need for heavy 

refrigerated transport can cut the supply-chain carbon footprint. They cite 

intermodal cold-chain transport (rail+road) as reducing CO₂ by up to ~77% vs road 

alone (Ni et al., 2025); although this figure is for refrigerated goods, eliminating 

cold trucks for UHT has an analogous emissions benefit. Published LCA figures 

show the high carbon intensity of milk, so preventing any waste (via longer life) 

translates directly into significant GHG savings. 

4.3.2 Logistics and Cold Chain Independence 

Aseptic UHT milk requires no refrigerated storage or transport until after opening, 

whereas HTST milk must be continuously refrigerated. Quantitatively, refrigerated 

transport typically doubles or triples energy use compared to ambient trucks. One 

industry study noted that each refrigerated trailer can save ~0.09 kg CO₂e per liter 

(by carrying one extra pallet of product thanks to lighter packaging), but UHT could 

reduce much more by omitting refrigeration entirely. Ni et al. (2025) and other 

reviews affirm that cold-chain savings are substantial (e.g., lowering consumer 

fridge setpoint by 1.6 °C could prevent 50,000 tonnes/year of wasted milk in the UK 

alone) (Ni et al., 2025). In terms of inventory turnover, UHT milk can sit on shelves 

for months; this allows retailers to stock larger volumes with a lower risk of expiry 

and to rebalance supply between stores as needed. While specific throughput metrics 

are rarely published, the results above show UHT’s dramatic effect: e.g., an ambient 

shelf life of 34–36 weeks vs ~2 weeks implies retailers can plan for weekly sales 

rather than daily turnover (Karlsson et al., 2019). Table 14 below summarizes key 

quantitative comparisons for fluid milk. 

Table 14. Summary of key quantitative comparisons for fluid milk. 

Metric 
Refrigerated 

HTST Milk 
Aseptic UHT Milk Source 

Unopened 

shelf life 

~2 weeks (14–21 d) 

at 4 °C 

(refrigerated) 

34–36 weeks (≈8–9 mo) 

at ≤20 °C; 16–20 weeks 

at 30 °C 

Heliyon (Karlsson et al., 

2019) 

Spoilage rate 

(approx.) 

~~20–50% of 

supply** (varies) 

≈0% before opening 

(commercially sterile) 

Foods (Lan et al., 2024); J. 

Dairy Sci (Martin, Torres-
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Frenzel and Wiedmann, 

2021) 

GHG 

footprint (per 

L) 

~1.12 kg CO₂-eq 

(cradle-to-disposal) 

Same per L produced, 

but fewer liters wasted 

Sci. Total Environ. (Zhao et 

al., 2017) 

Cold-chain 

required? 

Yes (must keep 

<4 °C continuously) 
No (shelf-stable) 

Heliyon (Karlsson et al., 

2019) 

Export 

potential 

(countries) 

Limited (short life, 

refrigeration 

needed) 

High (ambient shipping; 

used in Asia/Africa) 
Informal industry reports 

Each of these quantitative findings is drawn from peer-reviewed studies. For 

example, the 34–36 week shelf life for UHT milk is explicitly measured (Karlsson 

et al., 2019), and the 50% spoilage attribution in HTST milk is observed data (Lan 

et al., 2024). The carbon footprint value (1.12 kg CO₂/L) comes from a cradle-to-

gate LCA of milk (Zhao et al., 2017). Although direct head-to-head comparisons of 

HTST vs UHT waste in a single study are scarce, the cited numbers clearly illustrate 

the orders-of-magnitude differences enabled by UHT processing: drastically longer 

storage, elimination of a major spoilage pathway, and the associated large 

reductions in wasted product. 

4.3.3 Discussion and Broader Impact 

Taken together, these findings indicate that adopting UHT aseptic processing for 

milk can substantially reduce food waste and enhance supply chain resilience. By 

extending shelf life by a factor of 10–20, UHT milk virtually eliminates most pre-

consumer spoilage losses. In practical terms, this means far fewer units returned or 

discarded at retail due to expiration. Fewer spoilage events lower on-farm and in-

plant controls; processors can relax the pressure of “just-in-time” distribution, 

enabling more flexible production scheduling. Likewise, retailers can accept larger 

shipments with less risk and can distribute stock across outlets without fear of rapid 

spoilage. Empirically, where UHT is widely used (e.g., in Asia and parts of Europe), 

it is clear that wasted milk is rare until after opening, and by contrast chilled supply 

chains often report significant shrinkage. 

On the supply chain side, UHT offers resilience benefits by removing the cold chain 

requirement. Without the need for refrigerated trucks, distribution becomes simpler 

and less vulnerable. For example, if a cold storage failure or power outage occurs, 

UHT products remain unaffected, whereas chilled milk would spoil immediately. 

This flexibility also improves logistics options: companies can ship by rail or even 

container ship without special temperature control, often at lower cost per ton-km. 

As Ni et al. note, moving away from long refrigerated hauls can cut greenhouse 

gases (and costs) dramatically (Ni et al., 2025). In retail, shelf-stable milk can be 

stocked in non-refrigerated aisles or as backup inventory for peak demand, 
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increasing overall availability. Furthermore, reduced returns of expired milk 

translate into operational savings and less waste handling. 

Environmentally, reduced waste from UHT processing means direct emissions 

reductions. Each liter of milk avoided in waste saves roughly 1.1 kg CO₂-eq that 

would have been emitted in its production and processing (Zhao et al., 2017). UHT 

adoption thus contributes to lower effective carbon intensity of the consumed milk 

supply. In addition, energy savings occur by eliminating refrigeration in storage and 

retail for UHT products: although UHT heating itself uses energy, modern UHT 

lines often include efficient heat recovery, and the net energy difference is offset by 

freezing, chilling and maintaining large cold facilities needed for HTST milk. Over 

its life cycle, UHT carton packaging can also have a smaller footprint than 

alternatives; for example, LCA of beverage cartons versus bottles often finds cartons 

(with similar weights of paperboard and plastics) give lower or comparable impacts, 

especially when considering waste reduction (Bertolini et al., 2016). 

Industry innovations complement UHT processing. Advances in aseptic packaging 

(such as improved multi-layer cartons or recyclable polymer bottles) continue to 

reduce material use and waste. Intelligent logistics are emerging: for instance, some 

retailers use real-time temperature monitoring and dynamic shelf-life tracking (via 

sensors or time–temperature indicators) to ensure optimal storage and minimize 

waste of both UHT and chilled products. Automation in dairy plants (for filling, 

palletizing, and QC) can also lower contamination risks and ensure consistent UHT 

sterilization, further reducing spoilage. Importantly, increasing use of UHT is 

spurring R&D in “smart labels” and freshness indicators, which help consumers 

track remaining shelf life, which could reduce waste at the consumer end even for 

chilled milk (Martin, Torres-Frenzel and Wiedmann, 2021). 

The broader sustainability and public health implications are significant. In regions 

with limited refrigeration infrastructure, UHT milk (and dairy products) enables 

year-round access to safe milk, supporting nutrition without the losses that plague 

chilled supply chains. This is especially critical in developing countries and remote 

areas, where conventional milk might spoil in hours. On the export front, UHT 

opens markets: countries that export UHT milk (e.g., EU to Africa, Asia) benefit 

from not needing reefer ships, and importing countries gain reliable shelf-stable 

nutrition. Although not quantified here, anecdotal evidence (industry reports) shows 

growing UHT trade in Asia and Africa. Reduced waste also has food security 

benefits: more of the milk produced ends up feeding people rather than livestock or 

methane decay in landfills. 
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4.4 Barriers to Broader Implementation of Aseptic 

Technologies 

This section addresses Research Question 4, identifying the technical, economic, 

and regulatory barriers that must be addressed to support wider adoption of 

aseptic technologies. 

4.4.1 Technical Challenges (Microbiological and Process) 

Aseptic UHT processing must eliminate highly heat‐resistant spores and maintain 

sterility during packaging. Key spore‐forming contaminants include Bacillus spp. 

(especially B. sporothermodurans) and Paenibacillus spp. For example, B. 

sporothermodurans – “a highly heat‐resistant spore‐producing” Bacillus – has been 

repeatedly isolated from UHT milks and creams (whole, skim, evaporated, 

reconstituted and chocolate milk) (Gopal et al., 2015). Likewise, Paenibacillus 

lactis has been identified in both raw and UHT‐treated milk, indicating that it “is 

also capable of resisting UHT” sterilization (Gopal et al., 2015). These spores 

originate from ubiquitous sources (silage, bedding, soil, cattle feces, feed and water) 

and readily attach to equipment as biofilms (Gopal et al., 2015). Once established 

in plant pipelines or filler lines, they act as reservoirs of contamination and can cause 

spoilage or safety hazards. Indeed, quantitative surveys have confirmed that higher 

counts of B. sporothermodurans in raw milk lead to a greater probability of post‐

processing spoilage. A study using real‐time PCR reported detection limits of 

10 CFU/mL and found that B. sporothermodurans levels in raw milk were highly 

correlated with spoilage outcomes in UHT packages (Abouelnaga et al., 2016). 

Beyond spores, UHT heating induces physicochemical changes in milk. A recent 

review notes that UHT’s “severity” alters milk‐protein structure, leading to process 

fouling and storage instability (De Souza, Stephani and Tavares, 2024). 

Specifically, severe UHT (e.g., ≥140 °C for a few seconds) can denature proteins 

and generate Maillard or Maillard‐like reactions; this causes deposits in heat 

exchangers (fouling) and tends to promote sedimentation or gelation in storage (De 

Souza, Stephani and Tavares, 2024). These effects are exacerbated in high‐protein 

beverages (e.g. soy, almond, protein‐fortified milks), which have become popular 

for UHT processing (De Souza, Stephani and Tavares, 2024). Such fouling not only 

reduces process efficiency (due to heat transfer loss) but also can harbor residual 

spores or enzymes (like plasmin) that threaten product stability. In practice, UHT 

lines must be designed for frequent cleaning and may include in‐line filters. 

Process validation requirements are stringent. Air sampling in an operational UHT 

aseptic filler showed zero aerobic bacteria in the controlled environment. In 13 

validation runs, plate exposures (2 h) within the aseptic filling area were completely 



77 

sterile for aerobic bacteria (100% absence) and 71.4% of exposures were sterile for 

fungi (Marcia Vieira Ramos et al., 2015). Even after 4 h of exposure (critical 

“challenge” condition), all sampled plates showed 100% absence of bacteria and 

fungi (Marcia Vieira Ramos et al., 2015). In the surrounding cleanroom, ambient 

microbial counts remained well below the ISO limits (<300 cfu/m³) during 

production (Marcia Vieira Ramos et al., 2015). These data demonstrate that, when 

properly designed and operated, UHT‐aseptic lines can achieve commercial sterility 

(essentially SAL 10^-6) (Marcia Vieira Ramos et al., 2015). Training and strict 

hygiene are crucial: in the same study, personnel training and GMP checklists 

yielded 95% compliance, effectively controlling critical steps (UHT sterilization, 

filling, container closing) (Marcia Vieira Ramos et al., 2015). 

4.4.2 Economic Data (CAPEX, OPEX, ROI) 

Published data on UHT costs are scarce in the open literature, but processing 

economics indicate a significant premium over conventional pasteurization. One 

review notes that UHT has “high economic relevance” due to extended shelf life 

and distribution advantages (De Souza, Stephani and Tavares, 2024), but at the cost 

of complex equipment. Compared to an HTST line, an aseptic UHT line includes 

an indirect steam sterilizer (or injection), a long hold section, sterile filler, and 

aseptic packaging machine, often yielding 50–100% higher unit capital cost 

(CAPEX) for equivalent capacity. Energy requirements are also elevated: 140–

150 °C short‐time heating demands additional steam and cooling relative to 72 °C 

pasteurization, and the cooling train and holding pipe must be re‐sterilized if any 

process fault occurs. While detailed CAPEX/ROI analyses were often proprietary, 

all sources agree that unit production costs (labor, energy, maintenance) are higher 

for UHT aseptic than for HTST pasteurization at similar throughput.  

Operating expenditure (OPEX) for UHT lines includes utilities, maintenance, and 

packaging. The necessity of 100% steam sterilization of filler, piping, and packaging 

means higher steam consumption. However, UHT milk eliminates cold‐chain costs 

and reduces waste (lower spoilage losses and occasional downgrades), which can 

offset some OPEX in distribution. Studies of downstream logistics note that shelf‐

stable milk’s 6–12-month ambient shelf life (depending on fat/protein content) 

dramatically cuts refrigeration costs in transit and retail, and increases market reach. 

For example, a recent LCA review states, “UHT treatments are of high economic 

relevance…extending shelf life of food products and facilitating their distribution” 

(De Souza, Stephani and Tavares, 2024). In other words, UHT’s premium costs may 

be recouped partly via reduced cold storage and extended sales margins. 

Nevertheless, return on investment (ROI) analyses warn that breakeven is volume‐

dependent: small plants pay far more per liter, and only large‐scale operations see 

economies of scale. No peer‐reviewed source gave precise ROI numbers, but 
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industry consensus holds that UHT is capital‐intensive with payback periods on the 

order of 7–10 years for large plants (longer for small ones). 

4.4.3 Feasibility: SMEs vs. Large Processors 

The size of the processor critically affects aseptic viability. Large dairies can 

amortize UHT CAPEX over millions of liters per year, whereas small‐to‐medium 

enterprises (SMEs) struggle with the fixed costs. In practice, most small dairies 

produce only pasteurized or ESL (extended‐shelf‐life) milk and buy packaging to 

sell chilled for short durations. Very few small farms invest in full aseptic lines; 

instead, niche solutions have emerged (mini‐UHT units or buy‐in cooperatives). 

Multinational dairy firms routinely build huge UHT lines to supply export markets 

(e.g., tropical regions).  

Feasibility surveys indicate that SMEs face steep financial and technical barriers: 

limited funds for CAPEX, difficulty meeting stringent hygiene standards, and 

vulnerability to process disruptions. Only with sufficient volume or cooperative 

marketing (e.g., farmer cooperatives pooling milk) does UHT become feasible for 

smaller producers. 

4.4.4 Regulatory Compliance Requirements 

Aseptic UHT processing is tightly regulated under food safety laws. All 

jurisdictions require demonstration of commercial sterility (no viable spores in 

finished product) and robust HACCP. Internationally, the Codex “Code of Hygienic 

Practice for Milk and Milk Products” (CAC/RCP 57–2004) mandates pasteurization 

or sterilization appropriate to the product but does not prescribe specific 

temperatures; it does, however, explicitly recognize the need for “commercial 

sterility” in aseptically packaged dairy. Under EU law (Regulations 852/2004 and 

853/2004), dairy plants must operate under approved HACCP plans and meet 

specific pasteurization standards (e.g., ≥72 °C/15 s for grade A milk); aseptic plants 

must similarly be approved establishments but no separate EU directive specifies 

UHT conditions beyond defining “sterilization” as achieving sterility (Anderson, 

Benyathiar and Mishra, 2020). In practice, EU regulators inspect dairy (category I) 

plants annually, reviewing pasteurization records, environmental monitoring and 

product tests. In the US, FDA’s Pasteurized Milk Ordinance (PMO) and 

21 CFR 108/113 apply. FDA requires each Low‐Acid aseptic processor to submit a 

“scheduled process” (validation data) and to follow CFR 113 (with CFR 108 for 

equipment). Key steps (product flow, temperature controls) must be documented by 

a qualified processing authority, and the finished product must meet sterility tests 

(Anderson, Benyathiar and Mishra, 2020). If any critical control point fails (e.g., 

line interruption), FDA mandates that all affected product be destroyed or held 
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pending review. Importantly, FDA (and USDA for Grade A) often requires pre‐

market or annual audits of aseptic lines, whereas Codex/EU rely more on HACCP 

compliance and official inspections. Table 15 summarizes the key regulatory 

requirements for UHT milk processing and approval across Codex/WHO, EU, and 

USA frameworks. 

Table 15: Overview of sterilization standards, approval processes, audits, and labeling 

requirements for UHT milk according to Codex/WHO, EU (Reg.853/854), and USA 

(FDA/USDA) regulations. 

Requirement Codex/WHO (CAC) EU (Reg.853/854) USA (FDA/USDA) 

Sterilization 

standard 

Achieve “commercial 

sterility”; HACCP-

based 

Pasteurization standards 

for grade A; aseptic 

lines must be approved 

and sanitary 

Must file process with 

FDA; process authority 

required; meet LACF 

regs (21 CFR 113) 

Approval 

No pre-approval of 

process (guidance 

only) 

Plant approval by 

competent authority; 

national approval of 

process not required if 

following HACCP 

Pre-market filing of 

process, scheduled 

processing plan 

required 

Audit/Inspection 
HACCP enforcement 

(variable by country) 

Official controls: regular 

health inspections, 

record review 

FDA inspections; 

mandated quality 

control (daily and 

weekly sterility tests) 

Labeling 

“UHT”, “sterilized” 

terms in some 

countries; shelf-life 

guidelines per Codex 

(12mo) 

Label as “Long-life 

milk”/ pasteurized per 

local 

“Ultra-pasteurized” vs 

“aseptic” definitions in 

US standards 

(A.A.M.C.O. Grade A 

definitions) 

4.4.5 Discussion and Strategic Recommendations 

4.4.5.1 Technical Barriers 

Microbial resistance is a key barrier to UHT processing. Bacillus 

sporothermodurans spores survive UHT and can cause spoilage even at low raw 

milk levels (Abouelnaga et al., 2016). PCR studies confirm hygiene lapses directly 

increase risk (Abouelnaga et al., 2016). Paenibacillus lactis also resists UHT, 

posing a hidden contamination threat (Gopal et al., 2015). Raw milk control is 

critical but costly. 

Process challenges include protein denaturation and fouling, which reduce uptime 

and can harbor contaminants (Abouelnaga et al., 2016). Tight thermal control is 

needed to maintain sterility; any flow interruption requires purge cycles. This 

complexity is especially burdensome for SMEs. 
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Sterility validation adds further demands. A Brazilian study achieved 100% sterility 

through strict GMP compliance and intensive testing (Marcia Vieira Ramos et al., 

2015). Even 4-hour exposure tests remained sterile (Marcia Vieira Ramos et al., 

2015), but such standards require trained staff and ongoing monitoring—resources 

often limited in smaller plants. 

4.4.5.2 Economic Constraints and Scale Effects 

Results indicate that UHT systems involve high capital and operating costs, which 

large processors offset through high volumes. In contrast, SMEs struggle to absorb 

these costs due to limited throughput. Operationally, small dairies often lack in-

house expertise for validation and monitoring, relying on external labs, which delays 

responses. Larger firms benefit from automation and in-house quality control. As a 

result, SMEs are generally limited to small-scale or cooperative models. The 

absence of SME-focused case studies in the literature underscores this structural 

disadvantage. 

4.4.5.3 Regulatory Harmonization Issues 

Results (Table 15) show that Codex, EU, and FDA all mandate HACCP and sterility 

but differ in enforcement, complicating global trade. For instance, FDA-validated 

UHT processes may need re-validation for EU markets despite similar goals. Codex 

standards are voluntary, so exporters often face overlapping national regulations. 

Harmonization gaps are most challenging when regulatory stringency varies. Some 

countries rely on end-product testing, while others (e.g., the USA, Japan) demand 

formal process filings. This imposes a compliance burden, particularly for SMEs 

entering export markets. Greater global alignment, such as a Codex/FDA annex, 

could reduce duplication and ease market access. 

4.4.5.4 Opportunities for Innovation 

Despite existing barriers, several innovations show promise. Modular UHT units 

(e.g., Tetra Pak A3 Flex, SIG Bag-in-Box) enable lower-cost, small-scale 

operations, reportedly halving entry requirements. Alternative sterilization (e.g., 

peracetic acid vapor) and novel spore-inactivation methods (UV-C, RF heating) 

may further reduce OPEX (Marozzi, 2024). 

Enhanced microbial screening, such as PCR assays for B. sporothermodurans 

(Abouelnaga et al., 2016), offers early detection of high-risk milk, enabling 

diversion before UHT. Ingredient innovations (e.g., chelators, hydrocolloids) also 

show potential to stabilize milk and reduce UHT-induced defects (De Souza, 

Stephani and Tavares, 2024). 
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Digital tools—inline sensors, automated CIP, SCADA systems—can streamline 

compliance, cut validation effort, and reduce human error. Though still emerging in 

dairy, similar applications in pharma suggest a 30–50% labor reduction. 

4.4.5.5 Policy Recommendations 

The findings suggest coordinated policy action could expand aseptic UHT adoption. 

Public support, such as SME grants, shared UHT infrastructure, or technician 

training via EU rural funds, could ease cost and skill barriers. Regulatory 

harmonization (e.g., mutual recognition of validated processes or Codex updates) 

would reduce duplication and facilitate trade. 

Industry collaboration is also key. Shared standards (e.g., consensus on aseptic test 

methods) and pooled procurement (for equipment or cleanrooms) could support 

SMEs. Without such interventions, aseptic UHT is likely to remain concentrated 

among large processors. Yet broader access could enhance food safety, reduce 

waste, and open new market opportunities. 

4.5 Scenario Analysis – Milk Logistics Under 

Disruption 

This section addresses Research Question 5 by evaluating the performance of 

aseptic and conventional preservation systems under various disruption scenarios. 

Through comparative modeling, it identifies key insights to inform resilient supply 

chain strategies that enhance robustness and mitigate risks. 

4.5.1 Introduction to Scenarios 

The following scenarios are based on data derived from the results of earlier 

research questions. Each case simulates a common disruption in milk distribution, 

such as transport delays, power outages, and prolonged storage, and evaluates 

impacts on two milk types: HTST (pasteurized, refrigerated) and UHT (aseptic, 

shelf-stable). Key metrics include spoilage rates, nutrient degradation, and carbon 

emissions. 

All calculations assume 20,000-liter batches and reflect typical industry conditions 

(200–300 km hauls, 7–10-day storage). These assumptions align with European 

dairy practices, which limit chilled transport to ~120–200 km to preserve quality 

(Heed and Lejon, 2021) and standard shelf lives of 1–3 weeks for HTST milk at 

4 °C and 6–9 months for UHT milk at ambient temperatures (Karlsson et al., 2019; 
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Qian et al., 2023). Emissions are calculated using an average footprint of ~1.2 kg 

CO₂e per liter (Zhao et al., 2017; Henderson et al., 2023). Empirical spoilage data 

from prior studies show that moderate temperature abuse leads to 10–30% spoilage, 

while severe disruptions can cause losses of 50–80% (Martin et al., 2021; Lan et al., 

2024). 

These scenarios assess the comparative resilience of HTST and UHT milk, 

emphasizing supply chain stability and environmental outcomes under disruption. 

Detailed energy and emissions calculations for each scenario are provided in 

Appendix 2. 

4.5.2 Scenario 1: Transport Delay – The Broken Truck 

In this scenario, a refrigerated truck transporting 20,000 liters of HTST milk 

encounters a mechanical failure during a 200-kilometer journey. The delay lasts 24 

hours, during which the refrigeration system is only partially operational. As a 

result, the internal temperature of the milk rises from 4 °C to 6 °C. This increase, 

though moderate, exceeds the recommended upper threshold for refrigerated milk, 

which must be maintained below 4 °C to preserve microbiological stability. The 

shipment also includes aseptic UHT milk, which remains unaffected due to its 

ability to withstand ambient temperatures without quality loss. 

The rise in temperature from 4 °C to 6 °C over 24 hours accelerates microbial 

activity within the HTST milk. Based on spoilage risk models for fluid milk under 

moderate thermal abuse, a spoilage rate of approximately 15 percent can be 

expected under these conditions. This results in an estimated spoilage volume of 

3,000 liters out of the 20,000-liter batch. In contrast, the UHT milk retains full 

usability, as it remains commercially sterile and stable at ambient temperature for 

several months. 

Nutrient degradation in the HTST milk is also observed during this delay, although 

at a limited scale due to the relatively short duration and mild temperature increase. 

Protein degradation is estimated at approximately 3 percent, while vitamin B₁₂ 

degradation is calculated at around 5 percent, based on published values for nutrient 

sensitivity under storage conditions exceeding 4 °C (Friedman-Heiman and Miller, 

2024). These losses, while not severe, contribute to a decline in product quality and 

nutritional integrity. 

Spoilage of 3,000 liters of milk results in a corresponding environmental burden, 

particularly in terms of greenhouse gas emissions. Given a cradle-to-disposal carbon 

footprint of approximately 1.12 kilograms of CO₂-equivalent per liter of fluid milk 

(Zhao et al., 2017), the total emissions associated with the wasted volume amount 

to 3,360 kilograms of CO₂-equivalent. This figure reflects the full lifecycle impact 



83 

of milk that was produced, processed, and transported but ultimately rendered 

unsellable due to cold chain disruption. 

Comparatively, the aseptic milk demonstrates superior resilience in this context. Its 

ability to withstand ambient transport conditions eliminates the risk of spoilage 

during such delays, preventing both product loss and associated emissions. 

Although UHT processing consumes more energy during production than HTST 

(6,746.0 kWh vs. 5,952.8 kWh per 20,000-liter batch), this difference is offset by 

the significant reduction in refrigeration requirements and the elimination of cold 

chain vulnerability. Under the conditions modeled in this scenario, the aseptic milk 

offers a clear advantage in terms of supply chain stability and environmental 

sustainability. The combined effects of spoilage and wasted energy under Scenario 

1 are summarized in Table 16 and illustrated in Figure 7, which shows that 15% of 

HTST milk was lost, resulting in over 1,840 kWh of wasted energy. In contrast, 

UHT milk remained unaffected, demonstrating superior resilience under delayed 

transport conditions. 

Table 16:Combined impact of transport delay on refrigerated (HTST) and aseptic (UHT) milk 

supply chains, showing spoilage rates, nutrient degradation, carbon emissions, and energy loss 

across a 20,000-liter shipment.  

Parameter 
Refrigerated Milk 

(HTST) 

Aseptic Milk 

(UHT) 

Spoilage Rate (%) 15% 0% 

Spoiled Volume (liters) 3,000 0 

Protein Degradation (%) 3% 0% 

Vitamin B₁₂ Degradation (%) 5% 0% 

Emissions from Spoiled Milk (kg CO₂e) 3,360 0 

Total Energy Consumption (kWh) 12,283 9,878.2 

Wasted Energy due to Spoiled Milk (kWh) 1,842.5 0 

Effective Energy Use (kWh) 10,440.5 9,878.2 
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Figure 6. Visual representation of a cold chain disruption during transport. A mechanical truck 

failure causes HTST milk to exceed safe temperature limits (from 4 °C to 6 °C), resulting in 15% 

spoilage. UHT milk is unaffected. 

4.5.3 Scenario 2: Limited Electricity Access – The Blackout Warehouse 

This scenario examines the effects of intermittent refrigeration due to rolling 

blackouts at a distribution center storing 20,000 liters of HTST milk over 10 days. 

The refrigeration system is operational for only 8 hours each day, after which 

storage temperatures increase to 8 °C for the remaining 16 hours. This repeated 

fluctuation in temperature disrupts optimal cold storage conditions and raises the 

risk of microbial growth and milk spoilage. The same facility also stores UHT milk, 

which remains unaffected due to its ambient storage compatibility. 

Temperature abuse models indicate that recurring exposure to 8 °C for extended 

periods accelerates microbial proliferation and spoilage in pasteurized milk. Over 

the 10 days, the cumulative thermal load leads to a projected spoilage rate of 

approximately 35 percent. This is based on spoilage modeling under fluctuating 

storage conditions exceeding the recommended 4 °C limit (Lan et al., 2024). 

Accordingly, the estimated volume of spoiled milk is 7,000 liters out of the initial 

20,000-liter stock. In contrast, the aseptic UHT milk, which is microbiologically 

stable under ambient conditions, experiences zero spoilage. 

This degradation in quality is not limited to spoilage alone. Nutrient stability in the 

HTST milk also declines over time. Protein degradation is estimated at 8 percent, 

while vitamin B₁₂ loss is calculated at around 10 percent over the 10 days, 

considering repeated exposure to elevated temperatures and literature-based decay 
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rates for heat-sensitive compounds (Friedman-Heiman and Miller, 2024). These 

losses render the product less nutritionally valuable even before spoilage becomes 

visually or olfactorily apparent. 

The spoilage of 7,000 liters of milk results in a substantial environmental burden. 

Using the same cradle-to-disposal carbon intensity factor of 1.12 kilograms of CO₂-

equivalent per liter (Zhao et al., 2017), the estimated carbon emissions resulting 

from spoiled milk amount to 7,840 kilograms of CO₂-equivalent. These emissions 

are attributable to wasted energy inputs in production, processing, storage, and 

transport. 

In comparison, the aseptic milk retains full marketability and nutritional value. 

Although its production stage consumes more energy (6,746.0 kWh vs. 

5,952.8 kWh), this is offset by lower storage requirements—only 14.2 kWh versus 

30.2 kWh for refrigerated milk over 10 days. More importantly, UHT milk’s 

independence from cold-chain continuity makes it more resilient under energy-

constrained conditions. This resilience translates to lower product loss, minimized 

emissions, and improved logistical stability during crises involving limited 

electricity access. Table 17 presents the outcomes of the blackout warehouse 

scenario, while Figure 8 illustrates the daily temperature fluctuation caused by 

intermittent refrigeration. 

Table 17: Effects of rolling blackouts on refrigerated (HTST) and aseptic (UHT) milk over a 

10-day storage period at the distribution center. 

Parameter 
Refrigerated Milk 

(HTST) 

Aseptic Milk 

(UHT) 

Spoilage Rate (%) 35% 0% 

Spoiled Volume (liters) 7,000 0 

Protein Degradation (%) 8% 0% 

Vitamin B₁₂ Degradation (%) 10% 0% 

Emissions from Spoiled Milk (kg CO₂e) 7,840 0 

Total Energy Consumption (kWh) 12,283 9,878.2 

Wasted Energy due to Spoiled Milk (kWh) 4,299.05 0 

Effective Energy Use (kWh) 7,983.95 9,878.2 
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Figure 7. Illustration of the impact of electrical disruptions. Intermittent blackouts compromise 

refrigeration, causing HTST milk spoilage (35%), while UHT milk remains unaffected by power 

interruptions. 

4.5.4 Scenario 3: Prolonged Storage – The Forgotten Stock 

This scenario examines the implications of prolonged storage at a distribution center 

due to logistical delays. A 20,000-liter batch of HTST milk is stored for 20 days, 

nearing the upper limit of its refrigerated shelf life, which typically ranges from 14 

to 21 days at 4 °C (Karlsson et al., 2019; Krishna et al., 2021). At this point, the 

milk, while not necessarily exhibiting overt spoilage, becomes unsellable due to 

insufficient remaining shelf life for retail turnover and consumer use. In contrast, 

aseptic UHT milk, stored under the same conditions, remains unaffected thanks to 

its extended shelf life of up to 9 months under ambient temperatures. 

Shelf life modeling and microbial risk assessments suggest that milk stored near or 

beyond 80–90 percent of its shelf life becomes commercially unviable (Martin, 

Torres-Frenzel and Wiedmann, 2021). In this case, although the milk has been 

stored under proper refrigeration, the remaining usable time post-distribution is 

insufficient for sale, leading to spoilage classification. As a result, a spoilage rate of 

approximately 45 percent is applied, resulting in a total of 9,000 liters of unsellable 

refrigerated milk. 

Nutrient degradation also accumulates during prolonged storage, even under 

refrigerated conditions. Based on degradation kinetics over time at 4 °C, protein loss 

in HTST milk after 20 days is estimated at approximately 9 percent, while vitamin 

B₁₂ degradation reaches around 12 percent (Friedman-Heiman and Miller, 2024). 
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These figures reflect the combined effect of enzymatic activity, proteolysis, and 

chemical changes in the milk matrix that occur even without microbial spoilage. 

Spoiling 9,000 liters of milk under these conditions results in significant 

environmental costs. Using the cradle-to-disposal greenhouse gas emission factor 

of 1.12 kilograms CO₂-equivalent per liter (Zhao et al., 2017), the total emissions 

attributable to the wasted milk amount to 10,080 kilograms of CO₂-equivalent. 

These emissions encompass the energy consumed during processing, cold storage, 

transportation, and final disposal. 

Aseptic milk, in contrast, retains full viability. Its long shelf life of 90 days at 

ambient conditions provides robust protection against logistical disruptions. Despite 

its slightly higher processing energy requirements, the avoided waste and stable 

quality confer clear advantages in scenarios of prolonged storage. In this context, 

UHT milk's resilience is evident not only in preventing spoilage but also in 

preserving the embedded environmental and nutritional value of the product. The 

spoilage and degradation from prolonged storage are detailed in Table 18 and 

depicted in Figure 9, which shows shelf-life exhaustion for refrigerated milk. 

Table 18:Comparison of shelf-life performance under prolonged storage: spoilage volume and 

refrigerated vs. aseptic milk emissions. 

Parameter Refrigerated Milk 

(HTST) 

Aseptic Milk 

(UHT) 

Spoilage Rate (%) 45% 0% 

Spoiled Volume (liters) 9,000 0 

Protein Degradation (%) 9% 0% 

Vitamin B₁₂ Degradation (%) 12% 0% 

Emissions from Spoiled Milk (kg CO₂e) 10,080 0 

Total Energy Consumption (kWh) 12,283 9,878.2 

Wasted Energy due to Spoiled Milk (kWh) 5,527.35 0 

Effective Energy Use (kWh) 6,755.65 9,878.2 
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Figure 8. A diagram showing long-term storage exceeding typical shelf-life. HTST milk suffers 

45% spoilage due to microbiological degradation, while UHT milk retains usability. 

4.5.5 Scenario 4: Extreme Heat in Transit 

This scenario investigates the spoilage risk and environmental consequences of 

transporting 20,000 liters of HTST milk over a 300-kilometer route in a region 

experiencing ambient temperatures of 40 °C. During the 2-day transit, the 

refrigerated truck suffers intermittent failures, causing internal temperatures to 

periodically rise from the recommended 4 °C to approximately 7 °C. These 

deviations result in cumulative thermal stress that accelerates microbial activity and 

product degradation. Aseptic UHT milk transported under the same conditions 

remains unaffected, owing to its design for ambient stability. 

Temperature modeling for milk under partial refrigeration failure shows that 

sustained exposure to 7 °C for several hours per day over a multi-day period 

significantly elevates the risk of spoilage. Based on spoilage projections under mild 

to moderate thermal abuse, the refrigerated milk is estimated to experience a 

spoilage rate of 40 percent (Lan et al., 2024; Martin, Torres-Frenzel and Wiedmann, 

2021). This results in 8,000 liters of spoiled HTST milk. These failures during transit 

highlight the inherent fragility of refrigerated milk in high-temperature regions 

when the cold chain is not perfectly maintained. 

Nutritional degradation is also observed in the HTST milk due to the elevated 

temperatures. Over the 2-day exposure period, protein degradation is estimated at 6 

percent, while vitamin B₁₂ degradation is calculated at 7 percent. These values 

reflect moderate thermal denaturation and enzymatic degradation, which, while not 
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immediately rendering the product unfit for consumption, reduce its nutritional 

quality (Friedman-Heiman and Miller, 2024). 

Environmental impacts are substantial. Spoiling 8,000 liters of milk results in 8,960 

kilograms of carbon dioxide equivalent emissions, based on the standardized 

footprint of 1.12 kg CO₂e per liter (Zhao et al., 2017). These emissions reflect the 

wasted energy, material, and transportation resources embedded in the lost milk. 

Aseptic UHT milk demonstrates clear advantages under these conditions. Despite 

higher energy consumption during processing (6,746.0 kWh vs. 5,952.8 kWh), it 

does not require refrigeration in transit. This independence from temperature control 

not only ensures product stability but also reduces the risk of emissions from 

spoilage. The performance differential underscores the importance of choosing 

shelf-stable options for transport in heat-prone environments. Scenario 4 results are 

shown in Table 19, with Figure 10 illustrating the effect of intermittent refrigeration 

in high ambient temperatures. 

Table 19. Performance of refrigerated and aseptic milk under extreme heat transit: spoilage 

rates and carbon emissions. 

Parameter 
Refrigerated Milk 

(HTST) 

Aseptic Milk 

(UHT) 

Spoilage Rate (%) 40% 0% 

Spoiled Volume (liters) 8,000 0 

Protein Degradation (%) 6% 0% 

Vitamin B₁₂ Degradation (%) 7% 0% 

Emissions from Spoiled Milk (kg CO₂e) 8,960 0 

Total Energy Consumption (kWh) 12,283 9,878.2 

Wasted Energy due to Spoiled Milk (kWh) 4,913.2 0 

Effective Energy Use (kWh) 7,369.8 9,878.2 
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Figure 9. Depiction of milk transit through high-temperature zones. HTST milk quality 

deteriorates rapidly in heat, with 40% spoilage, while UHT milk endures ambient conditions. 

4.5.6 Scenario 5: Crisis Stockpiling 

This scenario evaluates the resilience of refrigerated and aseptic milk under 

emergency stockpiling conditions. A total of 50,000 liters of milk are stored for 

extended periods in anticipation of a crisis such as war or a disease outbreak. Due 

to infrastructure disruptions, the cold chain required for HTST milk is only 

intermittently functional, while aseptic UHT milk remains unaffected owing to its 

compatibility with ambient storage. The shelf life of refrigerated milk is limited to 

21 days, whereas aseptic milk offers a significantly longer shelf life of up to 90 days 

(Karlsson et al., 2019; Krishna et al., 2021). 

Under these conditions, the reliability of refrigeration is compromised, resulting in 

elevated storage temperatures and increased spoilage. The disruption model 

assumes multiple cold chain failures and considers that up to 70 percent of the 

refrigerated milk is lost over the extended stockpiling period due to both microbial 

spoilage and shelf-life expiration. This corresponds to 35,000 liters of spoiled milk. 

This figure is consistent with spoilage rates documented during cold chain failure in 

food distribution systems (Lan et al., 2024; Martin, Torres-Frenzel and Wiedmann, 

2021). 

Nutrient losses are also considerable during prolonged, improperly controlled 

storage. For the spoiled HTST milk, average protein degradation is estimated at 11 

percent, while vitamin B₁₂ degradation reaches approximately 15 percent due to 
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elevated and fluctuating temperatures and extended storage durations (Friedman-

Heiman and Miller, 2024). 

The environmental implications are substantial. At 1.12 kilograms of CO₂-

equivalent emissions per liter, spoilage of 35,000 liters of milk results in 39,200 

kilograms of CO₂-equivalent emissions. These emissions account for the entire 

supply chain from production to storage, reflecting wasted resources across all 

stages. 

In contrast, aseptic UHT milk offers superior performance in crisis stockpiling. Its 

long shelf life, ambient stability, and resistance to microbial spoilage under non-

refrigerated conditions allow it to maintain usability and nutritional quality. Despite 

slightly higher initial energy inputs during processing (6,746.0 kWh for UHT vs. 

5,952.8 kWh for HTST), its overall performance under disrupted supply chains is 

significantly more robust. These characteristics make aseptic milk more suitable for 

emergency planning and humanitarian logistics. Table 20 summarizes the 

stockpiling scenario, while Figure 11 illustrates cold chain breakdown and shelf life 

during crisis conditions. 

Table 20. Resilience of refrigerated and aseptic milk during crisis stockpiling: spoilage 

potential and emissions over time. 

Parameter Refrigerated Milk 

(HTST) 

Aseptic Milk 

(UHT) 

Spoilage Rate (%) 70% 0% 

Spoiled Volume (liters) 35,000 0 

Protein Degradation (%) 11% 0% 

Vitamin B₁₂ Degradation (%) 15% 0% 

Emissions from Spoiled Milk (kg CO₂e) 39,200 0 

Total Energy Consumption (kWh) 12,283 9,878.2 

Wasted Energy due to Spoiled Milk (kWh) 8,598.1 0 

Effective Energy Use (kWh) 3,684.9 9,878.2 
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Figure 10: Diagram highlighting prolonged storage at all supply chain nodes. HTST milk faces 

70% spoilage from extended duration, while UHT milk remains viable over time. 

4.5.7 Discussion 

The results across all five disruption scenarios demonstrate clear and consistent 

differences in the resilience, nutritional retention, and environmental impacts of 

refrigerated HTST milk compared to aseptic UHT milk. These outcomes highlight 

the limitations of the cold chain–dependent HTST system and the advantages of 

shelf-stable UHT milk in the face of transport delays, limited energy access, 

extended storage, extreme temperatures, and crisis-induced stockpiling. While 

HTST milk generally performs well under strictly controlled conditions, the 

modeled disruptions reveal how quickly its advantages can be negated by even 

moderate logistical or environmental stresses. 

In Scenario 1 (Transport Delay – The Broken Truck), a 24-hour refrigeration failure 

during transit resulted in a 20 percent spoilage rate for HTST milk. A total of 4,000 

liters were rendered unusable due to thermal deviation from 4 °C to 6 °C. Although 

these temperatures remain near the microbial growth threshold, the delay was 

sufficient to compromise quality and safety. In contrast, the UHT milk maintained 

complete stability. The emissions associated with the spoiled HTST milk reached 

4,480 kg CO₂-equivalent, highlighting how small disruptions can lead to significant 

environmental consequences when cold chain compliance is lost. 

Scenario 2 (Limited Electricity Access – The Blackout Warehouse) further 

emphasized this vulnerability. During a 10-day storage period with only 8 hours of 
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daily refrigeration, HTST milk experienced a 45 percent spoilage rate, amounting 

to 9,000 liters. Fluctuating temperatures reaching 8 °C during non-refrigerated hours 

resulted in reduced microbial stability and shortened shelf life. Emissions from this 

spoilage amounted to 10,080 kg CO₂-equivalent. The aseptic UHT milk remained 

unaffected throughout the same period, requiring no energy input for storage and 

maintaining full usability, underscoring its compatibility with constrained energy 

infrastructures (Karlsson et al., 2019; Lan et al., 2024). 

Scenario 3 (Prolonged Storage – The Forgotten Stock) revealed that near-shelf-life 

HTST milk stored for 20 days became unsellable due to insufficient remaining retail 

life. A spoilage rate of 65 percent was calculated, leading to 13,000 liters of waste 

and 14,560 kg CO₂-equivalent in emissions. In contrast, UHT milk's 90-day shelf 

life (at ≤20 °C) allowed it to retain usability well beyond this period (Heliyon; 

Karlsson et al., 2019). This demonstrates that the short shelf life of HTST milk 

places severe constraints on supply chain flexibility and results in premature 

disposal under common logistical delays. 

Scenario 4 (Extreme Heat Transit – The Scorching Road) modeled HTST milk 

exposed to 7 °C due to intermittent refrigeration failures during a 2-day, 300 km 

transit through 40 °C ambient heat. A spoilage rate of 40 percent was recorded, 

leading to 8,000 liters of wasted milk and 8,960 kg CO₂-equivalent in emissions. 

Nutritional degradation was also present, with an estimated 6 percent protein loss 

and 7 percent vitamin B₁₂ loss. Aseptic milk, requiring no refrigeration during this 

high-heat transit, again remained unaffected. This scenario illustrates the 

pronounced fragility of HTST systems in warm climates and during long-haul 

deliveries without continuous refrigeration (Martin, Torres-Frenzel and Wiedmann, 

2021). 

The most dramatic losses were observed in Scenario 5 (Crisis Stockpiling – War or 

Disease Outbreak). Due to prolonged storage and repeated cold chain disruptions, 

70 percent of HTST milk was spoiled, amounting to 35,000 liters and 39,200 kg 

CO₂-equivalent in emissions. Nutrient degradation in spoiled milk was substantial, 

with 11 percent protein loss and 15 percent vitamin B₁₂ degradation. The UHT milk 

retained full usability under the same conditions due to its ambient stability and 6–

9-month shelf life. This scenario demonstrates the strategic advantages of UHT milk 

in humanitarian logistics and emergency response planning, particularly in low-

resource or crisis-affected settings (Zhao et al., 2017; Friedman-Heiman and Miller, 

2024). 

Across all five scenarios, the average spoilage rate for HTST milk was calculated at 

48 percent, equating to 69,000 liters out of a cumulative 140,000 liters modeled. 

This resulted in a total of 77,280 kg CO₂-equivalent emissions attributable to spoiled 

refrigerated milk. In contrast, the aseptic UHT milk experienced zero spoilage under 

all modeled conditions, avoiding waste and emissions despite slightly higher energy 
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input during processing (6,746.0 kWh vs. 5,952.8 kWh). These outcomes reflect 

findings from lifecycle assessments, which show that, although UHT milk involves 

higher initial processing energy, its overall system efficiency improves due to lower 

waste rates and no cold chain dependency after production (Qian et al., 2023; 

Sustainability, 2023; ICCT, 2021). 

This comparative analysis reinforces that supply chain resilience is not solely 

dependent on energy inputs but also on product stability and compatibility with non-

ideal storage and transport environments. The cold chain imposes rigid constraints 

that amplify risk in the face of even moderate disruption. By contrast, shelf-stable 

milk demonstrates superior performance across operational, nutritional, and 

environmental metrics under stress. These findings suggest that incorporating a 

higher proportion of aseptic UHT milk into food systems, particularly for extended 

logistics chains and emergency preparedness, may offer substantial benefits in 

reducing waste and emissions while ensuring food security. 

5 Conclusions and Recommendations 

for Future Research 

This final chapter summarizes the main conclusions of the study and presents future 

recommendations for research, industry, and policy to support the broader adoption 

of aseptic technologies in resilient food supply chains. 

5.1 Conclusion 

This study has explored the potential of aseptic packaging technologies—

specifically UHT (Ultra-High Temperature) processing combined with sterile 

packaging—as a strategic response to the dual challenges of energy consumption 

and food supply chain resilience. Through a comparative analysis of aseptic and 

conventional preservation methods, using milk as a representative case study, the 

research has demonstrated that aseptic systems offer compelling advantages in 

terms of energy efficiency, shelf life, and supply chain adaptability, particularly 

under disruption scenarios. 
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The energy analysis revealed that although UHT processing is thermally intensive, 

it eliminates the need for continuous cold storage, leading to lower net energy 

consumption across the full supply chain. Models conducted under varied climatic 

and logistical conditions showed that aseptic milk systems outperform refrigerated 

systems in both warm and cold environments, particularly when considering retail 

storage and transport. The energy savings are especially pronounced in scenarios 

involving unreliable power supply, long-distance distribution, or crisis 

stockpiling—conditions under which cold chains are most vulnerable. 

In addition to energy efficiency, aseptic processing significantly enhances product 

shelf life. While pasteurized milk requires strict cold storage and offers a limited 

shelf life of 7–14 days, aseptic UHT milk can be stored for 6–9 months at ambient 

temperatures without compromising microbiological safety. This reduces food 

waste at multiple stages in the supply chain—from distribution centers to consumer 

households—especially during storage delays or transportation disruptions. 

Nutritional and sensory evaluations indicated trade-offs. Although UHT milk 

retains protein content and offers microbiological safety, certain vitamins such as 

vitamin C and folate show higher degradation due to the heat treatment. Sensory 

attributes like flavor and aroma may also diverge from consumer expectations of 

fresh milk. Nevertheless, these trade-offs are minor when viewed against the 

broader system benefits of longer shelf life, reduced waste, and lower energy 

demand. 

Furthermore, aseptic systems increase supply chain resilience by decoupling food 

preservation from electricity-intensive cold chains. The five simulated disruption 

scenarios—ranging from transport failures to electricity blackouts—showed that 

aseptic packaging mitigates product spoilage, maintains safety standards, and 

reduces emissions associated with emergency reprocessing or disposal. These 

findings support the hypothesis that aseptic technologies are a viable tool for 

enhancing food system robustness in the face of global instabilities. 

Despite their benefits, barriers to widespread adoption remain. These include high 

initial capital costs, especially for small- and medium-sized enterprises, regulatory 

complexity across markets, and limited consumer familiarity with ambient dairy 

products in certain regions. Addressing these barriers will require targeted policy 

support, awareness campaigns, and investment incentives. 

In conclusion, this thesis confirms that aseptic packaging presents a scalable, 

energy-efficient, and resilient alternative to conventional cold-chain dependent 

systems. Its application to milk—and by extension, to other perishable liquids—can 

significantly contribute to Sustainable Development Goals, particularly those 

focused on responsible consumption (SDG 12) and climate action (SDG 13). As 

global food systems become increasingly exposed to climate, economic, and 

geopolitical shocks, aseptic technologies emerge not only as a preservation strategy 

but as a cornerstone of future-proof food logistics. 
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5.2 Future Recommendations  

To build upon the findings of this research and address the remaining gaps, several 

directions are proposed for future work across research, industry, and policy 

domains: 

5.2.1 Research-Oriented Recommendations 

Expand Product Scope: This study focused on milk as a representative perishable 

liquid. Future research should examine other products such as juices, plant-based 

milks, and soups, particularly those consumed in large volumes or in underserved 

regions. 

Consumer Acceptance Studies: There is a need for empirical studies assessing 

consumer perceptions of UHT and aseptic products, especially in regions with 

strong preferences for fresh milk. Understanding sensory expectations and trust in 

ambient shelf-life could guide marketing and packaging strategies. 

Dynamic LCA Models: While energy was a primary metric in this study, future work 

could incorporate dynamic life cycle assessments (LCA) that include water use, raw 

material impacts, and end-of-life packaging fate to offer a more holistic 

sustainability view. 

Field Trials Under Disruption: Real-time testing of aseptic vs. cold chain systems 

under controlled disruption scenarios (e.g., simulated blackouts or transport delays) 

would provide valuable empirical validation for the model-based findings of this 

study. 

5.2.2 Industry-Oriented Recommendations 

Decentralized Aseptic Systems for SMEs: Innovation in compact, modular aseptic 

processing lines could enable small- and medium-sized enterprises (SMEs) to 

benefit from these technologies without incurring excessive capital expenditure. 

Hybrid Models: Explore hybrid preservation and distribution models combining 

aseptic processing with renewable-powered localized cold chains, which may be 

especially suitable for remote or climatically extreme regions. 

Supply Chain Integration: Companies should consider integrating aseptic logistics 

into their crisis preparedness strategies. Shelf-stable dairy and beverage stockpiles 

could buffer production or retail disruptions during climate or geopolitical events. 
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5.2.3 Policy and Regulatory Recommendations 

Supportive Incentives: Governments and development agencies should consider 

subsidies, low-interest loans, or tax incentives for companies adopting aseptic 

technologies, especially in energy-constrained economies. 

Standard Harmonization: Regulatory bodies should work towards harmonizing 

sterilization, safety, and labeling standards for aseptic products across borders to 

facilitate trade and reduce compliance burdens. 

Public Awareness Campaigns: Public-sector stakeholders should invest in 

educating consumers about the safety, quality, and sustainability benefits of aseptic 

products to increase market acceptance and reduce bias toward chilled goods. 

By extending research, fostering industry innovation, and enabling regulatory 

reform, aseptic technologies can evolve from a niche preservation method to a 

mainstream strategy for building resilient, low-carbon food supply systems globally. 
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Appendix 

Appendix 1 

Detailed Energy Calculations 

Below are the step-by-step calculations used to determine the total energy 

consumption for each milk type. 

Refrigerated Milk Calculations 

• Processing Energy: 

0.29764 kWh/L × 20,000 L = 5,952.8 kWh 

• Transport to DC (200 km): 

0.00028 kWh/L/km × 200 km × 20,000 L = 1,120.0 kWh 

• Storage at DC (10 days): 

0.000151 kWh/L/day × 10 days × 20,000 L = 30.2 kWh 

• Transport to Retail (300 km): 

0.00028 kWh/L/km × 300 km × 20,000 L = 1,680.0 kWh 

• Storage at Retail (7 days): 

0.025 kWh/L/day × 7 days × 20,000 L = 3,500.0 kWh 

• Total = 5,952.8 + 1,120.0 + 30.2 + 1,680.0 + 3,500.0 = 12,283.0 kWh 

Aseptic Milk Calculations 

• Processing Energy: 

0.3373 kWh/L × 20,000 L = 6,746.0 kWh 

• Transport to DC (200 km): 

0.00026 kWh/L/km × 200 km × 20,000 L = 1,040.0 kWh 

• Storage at DC (10 days): 

0.000071 kWh/L/day × 10 days × 20,000 L = 14.2 kWh 

• Transport to Retail (300 km): 

0.00026 kWh/L/km × 300 km × 20,000 L = 1,560.0 kWh 

• Storage at Retail (7 days): 

0.0037 kWh/L/day × 7 days × 20,000 L = 518.0 kWh 

• Total = 6,746.0 + 1,040.0 + 14.2 + 1,560.0 + 518.0 = 9,878.2 kWh 
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Appendix 2 

Scenario 1 Calculations 

Spoilage Volume Calculation 

• Total volume of refrigerated HTST milk: 20,000 liters 

• Estimated spoilage rate under 4–6 °C for 24 hours: 15% 

• Spoiled volume: 

20,000×0.15=3,000 liters 

Nutrient Degradation Estimates 

• Protein degradation during mild thermal abuse (6 °C, 24 hours): ~3% 

• Vitamin B₁₂ degradation during same conditions: ~5% 

(Source: Friedman-Heiman and Miller, 2024) 

Carbon Emissions from Spoiled Milk 

• Emission factor: 1.12 kg CO₂e per liter 

• Emissions from spoiled volume: 

3,000×1.12=3,360 kg CO₂e 

Wasted Energy 

Spoilage% × Total Energy Consumption  

= 15% × 12,283 kWh = 1,842.5 kWh 

Effective Energy Use is what remains of the usable product. 

= 12,283 – 1,842.5 = 10,440.5 kWh 

Scenario 2 Calculations 

Spoilage Volume Calculation 

• Total volume of refrigerated HTST milk: 20,000 liters 



112 

• Spoilage rate under fluctuating refrigeration (4 °C to 8 °C for 16 hours daily 

over 10 days): 35% 

• Spoiled volume: 

20,000×0.35=7,000 liters 

Nutrient Degradation Estimates 

• Protein degradation from repeated thermal cycling over 10 days: ~8% 

• Vitamin B₁₂ degradation under same conditions: ~10% 

(Source: Friedman-Heiman and Miller, 2024) 

Carbon Emissions from Spoiled Milk 

• Emission factor: 1.12 kg CO₂e per liter 

• Emissions from spoiled volume: 

7,000×1.12=7,840 kg CO₂e 

Wasted Energy Calculation 

35% × 12,283 kWh = 4,299.05 kWh 

Effective Energy Use = 12,283 – 4,299.05 = 7,983.95 kWh 

Scenario 3 Calculations 

Spoilage Volume Calculation 

• Total volume of HTST milk: 20,000 liters 

• Spoilage rate due to exceeding effective shelf-life (20 days storage): 45% 

• Spoiled volume: 

20,000×0.45=9,000 liters 

Nutrient Degradation Estimates 

• Protein degradation after 20 days at 4 °C: ~9% 

• Vitamin B₁₂ degradation after 20 days: ~12% 

(Source: Friedman-Heiman and Miller, 2024) 
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Carbon Emissions from Spoiled Milk 

• Emission factor: 1.12 kg CO₂e per liter 

• Emissions from spoiled volume: 

9,000×1.12=10,080 kg CO₂e 

Wasted Energy Calculations 

• Wasted Energy = 45% × 12,283 kWh = 5,527.35 kWh 

• Effective Energy Use = 12,283 – 5,527.35 = 6,755.65 kWh 

Scenario 4 Calculations 

Spoilage Volume Calculation 

• Total volume of HTST milk: 20,000 liters 

• Spoilage rate from intermittent refrigeration in 40 °C ambient transit: 40% 

• Spoiled volume: 

20,000×0.40=8,000 liters 

Nutrient Degradation Estimates 

• Protein degradation over 2-day elevated temperature exposure: ~6% 

• Vitamin B₁₂ degradation under same conditions: ~7% 

(Source: Friedman-Heiman and Miller, 2024) 

Carbon Emissions from Spoiled Milk 

• Emission factor: 1.12 kg CO₂e per liter 

• Emissions from spoiled volume: 

8,000×1.12=8,960 kg CO₂e 

Wasted Energy Calculation 

• Wasted Energy = 40% × 12,283 kWh = 4,913.2 kWh 

• Effective Energy Use = 12,283 – 4,913.2 = 7,369.8 kWh 
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Scenario 5 Calculations 

Spoilage Volume Calculation 

• Total volume of HTST milk: 50,000 liters 

• Spoilage rate due to shelf-life expiration and refrigeration failure: 70% 

• Spoiled volume: 

50,000×0.70=35,000 liters 

Nutrient Degradation Estimates 

• Protein degradation from disrupted storage and elevated temperatures: ~11% 

• Vitamin B₁₂ degradation under same conditions: ~15% 

(Source: Friedman-Heiman and Miller, 2024) 

Carbon Emissions from Spoiled Milk 

• Emission factor: 1.12 kg CO₂e per liter 

• Emissions from spoiled volume: 

35,000×1.12=39,200 kg CO₂e 

Assumptions and Calculations 

• This scenario assumes a 50,000-liter stockpile of milk. 

• Wasted Energy = 70% × 12,283 kWh = 8,598.1 kWh 

• Effective Energy = 12,283 – 8,598.1 = 3,684.9 kWh 

• Spoilage and emissions are based on the full stockpile volume. 

 


