


Review Article 
Sustainable Cold Chain Management of Dairy Foods: Energy Efficiency, Monitoring, and Logistics Strategies

[bookmark: _GoBack]
Abstract: The sustainable management of the dairy cold chain is crucial for maintaining freshness while reducing energy use, emissions, and waste during milk handling. This article introduces a framework for sustainable dairy chain management, focusing on technological, operational, and policy mechanisms to enhance freshness, conserve energy, reduce emissions, and minimize waste. The key measures include variable-speed motor compressors, smart refrigeration controls, and CO2 refrigerants. IoT sensors enable real-time temperature monitoring, alerts, analytics, predictive maintenance, and spoilage detection. Packaging innovations involve biodegradable materials, vacuum-insulated panels, phase-change materials, lightweight polymer blends, and smart packaging with time-temperature indicators (TTIs) or radio-frequency identification (RFID), supported by temperature testing. Logistics strategies emphasize route optimization, multimodal transport, strategic hubs, regional centers, stakeholder training, and sustainability. The integration of renewable energy with battery storage and energy management systems reduces emissions, supported by policy incentives. This article examines circular economy pathways such as whey valorization, wastewater treatment, biogas production, energy-efficient storage, IoT, blockchain, and capacity building. These actions lower the carbon footprint, improve reliability, reduce product loss, and enhance energy security in regions with limited infrastructure.
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Introduction

The management of sustainable dairy cold chain is essential for preserving the quality, safety, and shelf-life of milk and dairy products while simultaneously addressing environmental challenges such as energy consumption, greenhouse gas emissions, and product loss. While the importance of sustainable dairy cold chain management is well-established, existing literature often addresses its components in isolation. A critical gap remains in synthesizing recent advancements across technological, operational, and policy mechanisms into a unified, comprehensive framework that explicitly details their interdependencies and collective impact on environmental and economic viability, especially in diverse regional contexts.

Given the multidisciplinary nature and broad scope of sustainable dairy cold chain management, a narrative review approach was selected to synthesize recent advancements from diverse peer-reviewed literature. This method facilitates the integration of varied technological, operational, and policy perspectives into a cohesive framework, ensuring a holistic understanding where quantitative meta-analysis might be less appropriate. A comprehensive multi-database search (PubMed, Google Scholar) was conducted using keywords such as sustainable dairy cold chain, energy-efficient refrigeration in dairy, IoT dairy monitoring, sustainable dairy packaging, renewable energy in dairy industry, and dairy waste valorization. These keywords were systematically applied across the selected databases to retrieve relevant articles. Initial screening of titles and abstracts was performed to identify studies directly addressing sustainable practices in the dairy cold chain. Findings from selected articles were then thematically analyzed and synthesized to identify key advancements and interdependencies, forming the basis of the comprehensive framework presented.

This article offers a comprehensive systems perspective that integrates essential technological and operational strategies to enhance sustainability in the dairy cold chain. Emphasizing the interdependencies among equipment design, real-time monitoring, network configuration, and environmental assessment tools, such as life cycle assessment and sustainability metrics, highlighted parameters such as critical innovations, including energy-efficient refrigeration systems with variable-speed compressors, transition to natural refrigerants with lower global warming potential, Internet of Things-enabled sensor networks for precision temperature control, and sustainable packaging materials and designs. Furthermore, it explores logistics strategies that optimize routes and loads, renewable energy applications that reduce fossil fuel dependence, and circular economic approaches for by-product valorization and waste treatment. 

This review article seeks to establish a comprehensive framework by integrating various strategies aimed at reducing carbon emissions, minimizing product spoilage, enhancing the resilience of cold chains, and fostering economically sustainable dairy supply chains, particularly in regions facing infrastructure and grid reliability challenges. These findings underscore the essential roles of coordinated technological implementation, stakeholder education, and policy support in achieving the sustainable management of dairy cold chains. 

The following are some key areas and strategies for focusing on the holistic development and sustainability of dairy processing:

Energy-Efficient Refrigeration Systems in Sustainable Dairy Processing

Energy-efficient refrigeration systems are the backbone of sustainable dairy processing, ensuring that milk and dairy products are stored and transported under optimal temperature conditions while minimizing energy consumption and environmental impact. As refrigeration systems account for higher energy consumption, adopting advanced refrigeration technologies is important for reducing the carbon footprint of cold dairy chains.

A primary innovation in this domain is the use of variable-speed compressors, which differ from traditional fixed-speed compressors in that they dynamically adjust their cooling capacity according to real-time demand. Fixed-speed compressors operate at a constant speed, and deliver fixed cooling capacity regardless of the actual demand. This often results in energy inefficiencies, as the compressor runs continuously at full power even during periods of lower cooling requirements, which leads to unnecessary electricity consumption and increased operational costs. Zaki et al., (2023) reported that fixed-speed air conditioners rely on on–off control, which are the most used. However, they lack humidity control and experience compressor cycling, leading to poor thermal comfort and increased energy consumption. In contrast, variable-speed compressors provide enhanced operational flexibility by modulating compressor speed, which helps maintain more stable temperature conditions within dairy cold-storage environments. This precise control minimizes temperature fluctuations that can compromise product quality. Fixed-speed compressors, with their binary on/off operation, tend to cause wider temperature swings due to cycling, which may affect product freshness and shelf-life.

This modulation prevents excessive energy use during periods of lower cooling requirements, resulting in a significant reduction in electricity consumption. Studies have demonstrated that variable-speed compressors can achieve energy savings of up to 30% compared to conventional systems, directly contributing to the sustainability goals of dairy operations (Li et al., 2024). Wang & Yan, (2024) studied the performance changes in a refrigerant centrifugal compressor when switched between R134a to R1234ze(E) and R1234yf through a method that combined numerical simulation and an 1D meanline code. the authors reported that the property differences in the working fluid can significantly change the refrigerant compressor performance, including the compressor efficiency, pressure ratio, power consumption, working range and cooling capacity.

In addition to innovative compressors, the integration of renewable energy-powered refrigeration units, such as solar-powered chillers, is gaining prominence, particularly in remote or off-grid dairy production areas. Solar refrigeration systems harness photovoltaic energy to drive cooling processes, thereby reducing fossil fuel consumption and associated greenhouse gas emissions. These systems not only promote environmental sustainability but also enhance the resilience and reliability of cold chains in regions with unstable grids (Friedman-Heiman & Miller, 2024; Wang et al., 2025).

The choice of refrigerant also plays a critical role in the environmental performance. Conventional refrigerants, such as chlorofluorocarbons (CFC), often possess a high global warming potential (GWP), which impairs climate change when leaked owing to their ozone depletion agents (Belman-Flores et al., 2024). The transition to natural refrigerants, such as ammonia (NH3) and carbon dioxide (CO2), offers a dual benefit: these substances have negligible or low GWP and exhibit high thermodynamic efficiencies. Ammonia has been widely used in industrial refrigeration because of its excellent thermodynamic properties and zero-ozone depletion potential. However, their toxicity and flammability at certain concentrations necessitate stringent safety measures (Sánchez et al., 2023). Although CO2-based systems operate at higher pressures, they are non-toxic and environmentally benign alternatives suitable for various cold-storage applications.

Wang et al., (2025) studied validation of a Novel CO2 refrigeration system for cold-storage and its energy efficiency. Kalmegh et al., (2025) examined the thermodynamic performance and environmental impact of a vapor compression refrigeration system charged with refrigerants R134a, R600a, R290, and R1234yf. The authors reported that the hydrocarbon options, R600a and R290, provide up to 15% higher performance than R134a while maintaining a notable lower global warming potential (GWP). 
 
The execution of energy-efficient refrigeration systems requires a comprehensive approach that includes proper system design, steady maintenance, and integration with smart control. Automated control systems can optimize the compressor operation, defrost cycles, and fan speed, thereby enhancing energy performance. Moreover, life cycle assessments (LCA) of refrigeration technologies can guide decision-making by quantifying the environmental impacts of their manufacture, operation, and disposal.

In conclusion, energy-efficient refrigeration technology is crucial for sustainable dairy processing. By combining variable-speed compressors, renewable energy integration, and low-GWP refrigerants, the dairy industry can significantly reduce its environmental footprint while maintaining product quality and safety (Sánchez et al., 2023).

 Real-Time Temperature Monitoring and Control in Dairy Cold-chains

Maintaining accurate temperature control throughout the dairy supply chain is vital for preserving product quality, safety, and shelf-life. Real-time temperature monitoring and control systems enhance cold-chain reliability by allowing continuous oversight and instant responses to deviations.

The deployment of Internet of Things (IoT)-enabled sensors across storage facilities and transport vehicles facilitates the granular monitoring of temperature and humidity conditions. These sensors wirelessly transmit data to centralized units, allowing stakeholders to observe the environmental parameters in real time. The continuous data stream enables the early detection of temperature excursions, which is critical because even short periods outside the recommended temperature range can accelerate microbial growth and enzymatic deterioration in dairy products (K S et al., 2024; Sonwani et al., 2022).
Automated alert mechanisms complement monitoring by immediately notifying operators of temperature differences. Alerts can be delivered via SMS, email, or dedicated mobile applications to ensure prompt corrective actions, such as adjusting refrigeration settings and rerouting shipments. This proactive approach reduces product spoilage and waste, thereby contributing to economic and environmental sustainability (Bócoli et al., 2025; Selvam et al., 2025).

 In addition to real-time alerts, advanced data analytics play a pivotal role in optimizing cold-chain operations. Recorded temperature data can be analyzed to identify patterns and trends, such as frequent temperature fluctuations linked to specific routes, equipment, and food-handling practices. Predictive analytics models can forecast potential failures or inefficiencies, enabling preventive maintenance and operational adjustments that minimize energy consumption and product loss.

The integration of temperature monitoring with automated control systems further enhances the cold-chain management. For example, refrigeration units can be programmed to dynamically adjust the cooling intensity based on sensor feedback, thereby maintaining optimal conditions while reducing unnecessary energy expenditures. This closed-loop control system embodies the principles of precise refrigeration, product preservation, and sustainability.

In summary, real-time temperature monitoring and control systems are critical for sustainable cold-chain management in dairy farms. By combining IoT sensor networks, automated alerts, and data-driven analytics, these systems ensure product integrity, reduce waste, and optimize energy use across the supply chain.

Packaging Innovations in Sustainable Dairy Cold-chains

Packaging plays a crucial role in sustainable dairy cold-chains by protecting products from contamination and temperature fluctuations while minimizing environmental impact. Innovations in packaging material and design have significantly contributed to managing cold-chain efficiency and reducing waste. Kelly et al., (2024) reported that packaging often transcends its role as a mere inert container for food storage and sale; it constitutes a complex matrix fulfilling multiple functions. Packaging employed for dairy products-namely, cardboard, metal, glass, and plastic—and the evolution of packaging trends over time, such as the transition from glass bottles to Tetra Paks for liquid milk products.   

Turkmen & Ozturkoglu-Budak (2021) emphasized that the packaging process is an important component in preserving the quality attributes of food products. Packaging serves to shield products from external influences and conveys essential product information to consumers. During the distribution and required storage phases, various changes can occur, leading to the deterioration of significant quality characteristics. In recent years, innovative packaging technologies have been developed to ensure safety, and 'fresh-like' qualities in products. These advancements include active packaging and intelligent/smart packaging. Given that dairy products which are nutritional dense are particularly susceptible to biological, physical, and chemical alterations, they tend to lose their quality attributes rapidly. Consequently, the application of these novel techniques in dairy products is of considerable importance. 


One key advancement in the food industry is the development and use of biodegradable and recyclable packaging materials. Traditional plastic packaging, such as linear density polyethylene (LDPE), linear low-density polyethylene (LLDPE), and high-density polyethylene (HDPE), which are widely used for milk, its variants, and ghee packaging, pose significant environmental challenges owing to their persistence in ecosystems and contribution to pollution. Biodegradable alternatives, such as polylactic acid (PLA)-based films and cellulose-derived materials, offer barrier properties comparable to those of moisture and oxygen and decompose naturally under appropriate conditions (Selvam et al., 2025). These materials reduce the accumulation of plastic waste and align with circular economy principles.

 In addition to material innovation, the packaging design was optimized to maintain thermal stability and the integrity of the product. Vacuum-insulated panels (VIPs) and multilayer films incorporating phase-change materials (PCMs) are increasingly employed to extend the temperature retention during storage and transport. PCMs absorb or release latent heat at specific temperatures, thereby buffering external thermal fluctuations. This reduces the cooling load on refrigeration systems and decreases the energy consumption across the cold-chain (Patil et al., 2024; Yin et al., 2021).

Lightweight packaging contributes to sustainability by reducing the energy requirements for transportation. Reducing packaging weight without compromising strength or barrier properties can decrease fuel consumption and greenhouse-gas emissions during distribution. Advanced polymer blends and nanocomposite materials have enabled the production of thinner and more durable packaging films with improved mechanical properties.

Smart packaging technologies have emerged to enhance cold-chain monitoring and consumer engagement of milk and milk products. The incorporation of time-temperature indicators (TTIs) or radio frequency identification (RFID) tags allows for the real-time tracking of product exposure to temperature variations, facilitating quality assurance and reducing waste from premature spoilage. These technologies support supply chain transparency and traceability. (Mirza Alizadeh et al., 2020) reported that high content of nutrients in the dairy products favor the growth and proliferation of spoilage and pathogenic microorganisms, contributing to high risk in terms of quality deterioration and food safety. Hence, intelligent packaging can be utilized as an effective instrument for the preservation of dairy products and also informs users about the entire background of the product. (Sangamesh et al., 2026) reported that intelligent packaging integrates functional components such as indicators, sensors, biosensors, and data carriers that interact with food and its environment to monitor and communicate real-time information on freshness, spoilage and storage conditions. In addition, time-temperature indicators (TTIs), freshness indicators, gas sensors, and biosensors have emerged as pivotal tools for tracking food quality by detecting critical parameters such as temperature fluctuations, microbial growth, pH shifts and volatile compound emissions.

Sustainable packaging solutions must be compatible with cold-storage environments. Materials must retain their mechanical and barrier properties and resist condensation and degradation at low temperatures. Rigorous testing and certification ensure that packaging performance meets the cold-chain requirements.

In conclusion, packaging innovations in sustainable dairy cold chains include biodegradable materials, thermal insulation enhancement, lightweight designs, mechanical and barrier properties, and smart monitoring technology. These advances collectively reduce environmental impact, improve product preservation, and support efficient cold-chain management.

 Integration of Renewable Energy in Sustainable Dairy Cold Chains

The integration of renewable energy sources into dairy processing and cold chain operations is essential for advancing sustainability by reducing dependence on fossil fuels and lowering greenhouse gas emissions. Renewable energy technologies, such as solar photovoltaic (PV) panels and wind turbines, can be installed at processing plants, storage facilities, and distribution centers to directly power refrigeration and other energy-intensive supply chain equipment.

Solar PV systems are particularly suitable for dairy facilities in regions with high solar insolation. These systems convert sunlight into electricity, which can be used in real time or stored in batteries to provide a continuous power supply. The deployment of battery energy storage systems (BESS) ensures uninterrupted refrigeration during periods of low solar generation or grid outages, thereby enhancing cold chain resilience. Although site-dependent, wind energy can complement solar power by providing electricity during different diurnal cycles, thereby contributing to a diverse mix of renewable energy sources (Datta et al., 2021; Mahjoub et al., 2023).

Integrating renewable energy requires careful system design to match the energy supply with the demand patterns of refrigeration loads. Hybrid systems that combine renewable energy sources with grid power or backup generators optimize their reliability and cost-effectiveness. Moreover, renewable-powered refrigeration units often incorporate advanced energy management systems that dynamically adjust cooling operations based on the available renewable output, thereby maximizing clean energy utilization.

Life cycle assessments of renewable energy integration have demonstrated significant reductions in carbon footprints and operational costs compared with conventional fossil fuel-based systems. Beyond environmental benefits, renewable energy adoption can improve energy security for dairy processors, particularly in remote or underdeveloped regions where grid access is limited or unreliable (Mediboyina et al., 2024; Portillo et al., 2024).

To fully realize these benefits, renewable energy integration must be supported by policy incentives, investment in infrastructure, and stakeholder training to effectively manage and maintain renewable-powered cold chain systems
 

Waste Management and By-Product Utilization in Sustainable Dairy Processing
Effective waste management and byproduct utilization are essential components of sustainable dairy processing, contributing to environmental protection and resource efficiency in dairy industry. Dairy processing generates significant quantities of organic waste, including whey, sludge, and effluents, which can cause pollution and health hazards if not properly managed (Soumati et al., 2023; Tița et al., 2024).

Whey, a major byproduct of cheese, paneer, chakka, and Greek yogurt, contains valuable proteins, lactose, and minerals. Instead of disposal, whey can be transformed into value-added products, such as protein concentrates, lactose powders, and bioactive peptides, which have applications in the food, pharmaceutical, and nutraceutical industries. This valorization reduces waste volumes and creates additional revenue streams, thereby enhancing the economic sustainability of dairy production (Boruah & Ray., 2024; Soumati et al., 2023).

Other organic wastes can be processed through anaerobic digestion to produce biogas, a renewable energy source that can power processing facilities, boiler units, or refrigeration units, thereby closing the energy loop in the dairy chain. The digestate residue from this process serves as a nutrient-rich fertilizer, promoting circular nutrient management in agricultural systems (Ibrahim et al., 2025; Saboohi & Hosseini, 2025).

Advanced green nanoparticle-based wastewater treatment technologies, including membrane filtration, constructed wetlands, and aerobic treatment, have been employed to reduce pollutant loads before discharge or reuse. Recycling treated water for cleaning and cooling conserves freshwater resources and lowers operational costs.

The implementation of comprehensive waste management plans requires integration with cold chain logistics to ensure the timely collection and processing of byproducts and minimize spoilage and environmental risks.

Cold Chain Infrastructure Investment
Investment in cold-chain infrastructure is fundamental for sustaining dairy product quality, reducing losses, and enabling sustainable processing and distribution of dairy products. Robust infrastructure includes cold-storage facilities, refrigerated transport vehicles, temperature-controlled loading docks, and monitoring systems.

Cold-storage facilities must be designed to achieve high energy efficiency and scalability. Incorporating advanced insulation materials, energy-efficient refrigeration systems, and automated environmental controls minimizes energy consumption, while maintaining strict temperature regimes. Modular cold rooms and containerized refrigeration units offer flexible solutions that can be expanded or relocated to meet seasonal or regional demand fluctuations, thereby avoiding energy wastage from under-utilized capacity. Refrigerated transport vehicles equipped with reliable cooling technologies and real-time temperature monitoring ensure consistent cold chain conditions during transit. Investments in fleet modernization, including vehicles powered by cleaner fuels or electricity, further reduce environmental impact (Maiorino et al., 2021).
 
Infrastructure development should be tailored to regional contexts, considering factors such as climate, production volume, and logistical challenges. In developing regions, cold-chain investments can significantly reduce post-harvest losses and improve market access for smallholders.

Public-private partnerships, government incentives, and international funding mechanisms often play crucial roles in mobilizing capital for cold chain infrastructure projects. Integrating infrastructure investments with digital technologies such as IoT and blockchain enhances traceability, transparency, and operational efficiency.

Training and Capacity Building in Sustainable Dairy Cold Chain Management
Training and capacity building are critical enablers of sustainable cold-chain management, equipping stakeholders with the knowledge and skills necessary to implement best practices, comply with standards, and adopt new technologies.

Comprehensive training programs should target all cold chain participants, including farmers, processors, transporters, warehousing operators and retailers. The key training components included temperature management protocols, hygiene and sanitation practices, equipment operation and maintenance, emergency response procedures, and sustainability principles.

Capacity building also involves raising awareness of the environmental impacts of cold-chain operations and the benefits of energy-efficient technologies and renewable energy integration. By fostering a sustainable culture, stakeholders are more likely to adhere to protocols that minimize spoilage, reduce energy consumption and prevent environmental contamination.

The use of digital learning platforms, on-site workshops, and demonstration projects enhances the accessibility and practical understanding of the subject. Certification schemes and continuous professional development opportunities incentivize adherence to high quality care standards. 
Furthermore, collaborative platforms that facilitate knowledge exchange among stakeholders promote innovation and problem-solving tailored to local challenges. Ongoing monitoring and evaluation of training outcomes ensure continuous improvement and alignment with the evolving industry requirements.

Limitations 
This review provides a comprehensive overview but is subject to certain limitations. While covering a broad range of strategies, it does not explore into a thorough quantitative cost-benefit analysis for each technology, which is crucial for implementation decisions. The effort is primarily on technological and operational aspects, with policy discussions being general rather than specific to particular regulatory environments. Furthermore, although interdependencies are emphasized, a formal modeling of these interactions is beyond the scope of this review. Future research should focus on empirical case studies, economic feasibility analyses, and the development of decision-support tools for specific regional contexts.

Summary

This article presents a comprehensive systems perspective on the management of sustainable dairy cold chains, highlighting the need to balance the attainment of milk and dairy quality and safety objectives with efforts to reduce energy consumption, greenhouse gas emissions, and product waste throughout the processing, storage, and distribution. This highlights that successful implementation relies on understanding the interconnections between equipment, monitoring systems, logistics networks, and environmental evaluations. Synthesizing technological and operational strategies highlights energy-efficient refrigeration as foundational, especially variable-speed compressors that match cooling capacity to real-time demand (reducing electricity consumption by up to 30% compared with fixed-speed systems), smart controls that optimize compressor operation, defrost cycles, fan speeds, life cycle assessment (LCA), and sustainability metrics to quantify the impacts on manufacturing, operation, and end-of-life. This emphasizes the transition of refrigerants from high-global-warming-potential fluids to natural alternatives, balancing performance and the constraints. Ammonia offers high thermodynamic efficiency and negligible GWP/zero ozone depletion; however, stringent safety measures are required because of its toxicity and flammability. CO2 is environmentally benign and non-toxic but requires a high-pressure system design. To prevent spoilage and strengthen cold-chain integrity, IoT-enabled sensor networks for continuous temperature/humidity monitoring in facilities and vehicles, automated anomaly alerts (SMS/email/app) for rapid corrective action, and analytics that detect recurring excursion patterns, enable predictive maintenance, and support closed-loop “precision refrigeration” that minimizes unnecessary cooling energy are used. Packaging is treated as both an environmental and thermal lever, combining biodegradable and recyclable materials (e.g., PLA and cellulose derivatives) with designs that improve temperature retention, such as vacuum-insulated panels and phase-change materials that buffer thermal fluctuations and reduce refrigeration load, lightweighting via advanced polymer blends/nanocomposites to lower transport emissions, and smart features (TTIs/RFID) that enhance traceability and quality assurance, contingent on low-temperature performance testing, and certification. At the system level, logistics and governance practices, such as route and load optimization, multimodal transport with standardized temperature-control protocols, strategic hub placement and regional distribution centers, stakeholder training, and KPI-based reporting (e.g., energy per shipment, emissions, and loss rates), are crucial for reliability and emission reduction. Renewable energy integration (solar PV and wind) supported by battery energy storage, hybrid configurations with grid/backup generation, and energy management systems are presented as pathways for lowering carbon footprints, reducing operating costs, and improving resilience in remote or unstable-grid contexts, with benefits supported by LCA and enabled by policy incentives and infrastructure investments. Finally, it embeds cold-chain sustainability in circular resource management through whey valorization into higher-value ingredients, anaerobic digestion of organic wastes to biogas (with digestate as fertilizer), advanced wastewater treatment (membranes, constructed wetlands, and aerobic processes) to reduce pollutant loads and enable water reuse, along with targeted infrastructure modernization (energy-efficient and scalable cold stores; modular/containerized units; upgraded refrigerated fleets using cleaner fuels/electric options; IoT/blockchain for transparency), and comprehensive capacity building (temperature protocols, hygiene, maintenance, emergency response, and continuous professional development). Collectively, this study concludes that the coordinated adoption of these measures can deliver lower emissions and waste, stronger product integrity, improved energy security, and more resilient and economically viable dairy supply systems, particularly in areas where infrastructure constraints drive losses.
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