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Abstract 

This study investigates collaborations along the value chain in the food sector, aiming to identify 

opportunities for improving energy efficiency (EE). The focus is on the cold chain, one of the most 

energy-intensive segments of the food and beverage industry, whose potential for energy savings 

and related economic benefits remains largely untapped. After outlining the various types of value 

chain collaborations, the study reviews the literature on current approaches to enhancing EE, with 

particular attention to refrigerated transport and storage—the phases with the highest energy 

demand. Proposed actions to improve EE are then presented, detailing their intensity and the 

challenges to collaboration among different actors, while also highlighting both energy and non-

energy benefits (NEBs). In particular, high-intensity collaborative measures may face greater 

implementation barriers but can generate more substantial benefits, as they operate across the entire 

value chain rather than targeting individual actors. 

Keywords: cold value chain; energy efficiency; value chain collaboration 

 

1. Introduction 

This paper aims to share and promote the implementation of energy efficiency (EE) 

opportunities at the value chain level. Despite the importance of EE in the food cold chain, the 

literature still lacks a systematic analysis of these opportunities across the entire value chain. 

Collaboration among cold chain stakeholders can help remove—or at least reduce—barriers to the 

adoption of proposed solutions, thereby enhancing both energy savings and environmental benefits. 

However, there is still limited knowledge on how to effectively overcome these obstacles. 

To fill this gap, this paper conducts a systematic literature review on the state of the art of EE 

solutions at the value chain level, analyzing the required intensity of collaboration among 

stakeholders. Specifically, Section 2 introduces the concept of the value chain, with a particular focus 

on the cold food value chain, while Section 3 discusses the concept of value chain collaboration. 

Section 4 examines the impact of EE at the value chain level. Section 5 describes the methodology 

adopted for the literature review, and Section 6 presents potential energy-saving actions. Section 7 

analyzes the results of the study, while the final section discusses possible directions for future 

research. 

2. Value Chain Definition 

The value chain is defined as “the process view of organizations—the idea of seeing a 

manufacturing (or service) organization as a system made up of subsystems, each with inputs, 

transformation processes, and outputs. Inputs, transformation processes, and outputs involve the 

acquisition and consumption of resources such as money, labor, materials, equipment, buildings, 

land, administration, and management. How value chain activities are carried out determines costs 

and affects profits” [1]. 
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There is a common tendency to use the terms value chain and supply chain interchangeably; 

however, their underlying concepts differ significantly. Supply chain management focuses on 

activities related to the transformation of raw materials into final products or services, with the 

primary goal of minimizing total costs. A supply chain refers to the movement of materials among 

various stakeholders, typically organized around buyer–supplier relationships. In contrast, the value 

chain emphasizes the value added at each stage of the material transformation process, from one 

actor to another. In other words, value chain analysis focuses on maximizing the value delivered to 

the end user [2]. 

Reference [3] identifies three key dimensions of the value chain. The first is its flow, also referred 

to as its input–output structure. In this context, a value chain consists of a sequence of value-adding 

economic activities that link products and services together. Beyond this physical structure, a value 

chain also includes a less visible component: the flow of knowledge and expertise required for the 

physical input–output structure to function effectively. Although the knowledge flow generally 

parallels the material flow, its intensity may vary. 

The second dimension relates to the geographical spread of the value chain. Some value chains 

are truly global, involving activities across multiple countries and continents, whereas others are 

more localized, involving only a few regions of the world. 

The third dimension concerns control, that is, the degree of influence that different actors exert 

over the activities comprising the chain. Each actor directly controls its own operations and may be 

directly or indirectly controlled by others. 

 

Figure 1. Cold Value Chain. 

Specifically, a cold chain is a temperature-controlled value chain that encompasses the 

harvesting, storage, transportation, and distribution of perishable goods such as fruits and 

vegetables, seafood, meat, and dairy products. The structure of the cold chain varies depending on 

the product; however, based on storage temperature, it is typically divided into two main categories: 

cold (above 0 °C) and frozen (below 0 °C). Figure 1 presents a simplified schema of a cold value chain, 

highlighting temperature-controlled stages such as food processing, storage, and transportation. 

Due to the high cooling loads and strict temperature requirements throughout its stages, the 

cold chain is considered highly energy-intensive. To prevent value loss, it is essential to optimize 

energy consumption not only within individual stages but especially at the interfaces between stages. 

The objective of this study is to analyze collaborative approaches for improving energy efficiency 

(EE) and integrating renewable energy sources, with a particular focus on refrigerated transport and 

storage. Specifically, this research aims to identify possible improvement actions—derived from real 

case studies in the literature—by examining the interactions among firms within the value chain. 

Section III introduces the concept of collaboration models in the value chain and presents the 

proposed model, followed by a discussion of the importance of optimizing energy consumption at 

the value chain level in cold chains. 

3. Value Chain Definition 

Value chain collaboration refers to the cooperation among different actors within the value chain 

to achieve common goals and improve overall performance. Several key aspects are essential for 

successful value chain collaboration: 
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1. Communication: Clear, frequent, and balanced communication builds strong relationships across the 

value chain and facilitates the exchange of information, ideas, and best practices. 

2. Execution: This involves sharing resources, expertise, and responsibilities to achieve mutual benefits 

and enhance overall performance. 

3. Governance: Effective collaboration requires well-defined protocols, guidelines, and frameworks to 

support interactions among partners and manage the measurement and distribution of shared value. 

4. Organizational Redesign: In some cases, internal organizational changes are necessary to promote 

collaboration. This may involve restructuring departments, roles, and responsibilities to align with 

shared value chain objectives. 

5. Benefit-Sharing: A fair and transparent approach to benefit-sharing ensures that the returns from 

collaborative efforts are distributed equitably among all partners. 

6. Knowledge Transfer: Collaboration often requires specific skills and expertise. Promoting knowledge 

transfer, talent management, and continuous learning are key factors in fostering effective 

collaboration within the value chain. 

7. Data Sharing and Integration: The sharing and integration of data across the value chain are vital for 

effective collaboration. Modern supply chain collaboration platforms enable organizations to connect 

different parts of the chain, specify requirements, and address potential disruptions more efficiently. 

8. Shared Interests and Solutions: Successful collaboration relies on a mutual understanding of each 

party’s interests and on joint problem-solving to create solutions that benefit all stakeholders. 

In particular, value chain collaboration models for energy efficiency focus on the coordination 

and cooperation of different actors within the chain to improve energy performance. The goal is to 

identify and implement energy-saving measures throughout the value chain, resulting in cost 

reductions, lower environmental impact, and increased competitiveness. This study identifies four 

levels of collaboration intensity within the value chain: 

1. Low-Intensity Collaboration: At this level, the focus is on harmonizing and sharing data with relevant 

stakeholders. This involves establishing standardized data collection and reporting processes across 

the value chain. By sharing energy consumption, production, renewable, and efficiency data, 

stakeholders can gain insights into their energy performance and identify areas for improvement. 

2. Moderate-Intensity Collaboration: Beyond data harmonization, this level includes allocating budgets 

for energy initiatives. In this model, value chain members actively participate in energy performance 

improvement initiatives by committing financial resources to implement identified energy-saving 

measures. Through investments in actions such as energy audits, equipment upgrades, or process 

optimization, partners can collectively achieve greater efficiency and cost savings. 

3. High-Intensity Collaboration: This level integrates energy considerations into product design and 

service offerings. For example, a manufacturer may provide energy-efficient equipment to 

downstream partners. By ensuring compliance with energy standards, such collaboration enhances 

overall energy performance across the value chain. 

4. Advanced-Intensity Collaboration: The most integrated form of collaboration involves formal 

agreements and coordinated action across the entire value chain. Partners jointly identify energy 

efficiency opportunities, share best practices, and co-invest in renewable energy projects or shared 

infrastructure. By aligning their efforts, value chain partners can maximize energy performance, 

optimize resource use, and achieve sustainable outcomes. 
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Figure 2. Value Chain collaboration intensity level. 

4. Reasons for Energy Efficiency Need in the Cold Chain 

Cold chain stakeholders are increasingly implementing measures to combat global warming, 

with a primary focus on improving energy efficiency (EE) to reduce primary energy consumption. 

These improvements range from investing in advanced, best-in-class technologies—capable of 

reducing energy use by 15–40%—to adopting simpler, cost-effective operational practices within 

refrigeration systems and broader manufacturing processes, which can lower energy costs by 15% or 

more. 

Energy efficiency measures offer considerable potential to generate economic, environmental, 

and social benefits. Beyond direct energy savings, EE measures provide a range of non-energy 

benefits (NEBs), including: 

• Increased Productivity and Reduced Operating Costs: Enhancing system reliability and aligning 

refrigeration load with equipment capacity improve overall system efficiency. 

• Environmental Improvements: Lower greenhouse gas (GHG) emissions and reduced waste 

contribute to more sustainable operations. 

• Enhanced Public Image: Companies gain reputational advantages due to growing societal 

concern about climate change. 

• Increased Sales: Lower environmental impact can positively influence customer perception and 

purchasing behavior. 

• Reduced Spoilage of Perishable Goods: By optimizing and monitoring the time–temperature 

relationship and associated energy consumption, spoilage can be significantly reduced. 

Currently, most firms within the value chain focus primarily on EE measures, while NEBs are 

often considered only from a broader cold value chain perspective [4]. Adopting a value chain 

approach, however, enhances opportunities for achieving greater energy cost reductions [5]. 

The results of energy flow mapping provide decision-makers with valuable insights to identify 

the most energy-intensive stages of the cold chain [6]. Specifically, reference [6] proposes a 

quantitative approach to mapping energy flows across the cold chain, taking into account the time–

temperature relationship of products from farm to fork. In addition, reference [7] introduces a 

dedicated toolbox to support decision-makers and stakeholders in assessing EE strategies across food 
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cold value chains. This toolbox helps optimize various environmental performance indicators, 

including specific energy consumption, overall environmental impact, and NEBs. Furthermore, 

reference [6] presents a methodology to assess and prioritize EE measures for cold chains in terms of 

quality losses and specific energy consumption, categorizing them into technological, maintenance-

related, and managerial opportunities. 

5. Research Process and Method 

Value chain collaboration plays a crucial role in identifying opportunities for improving energy 

efficiency (EE) and achieving outcomes that are shared among all stakeholders. However, a 

systematic categorization of EE opportunities within the cold value chain has not yet been proposed 

in the literature. This paper aims to address this gap by identifying such opportunities and analyzing 

the type and intensity of collaboration involved, along with the potential outcomes and key benefits. 

To achieve these objectives, a scientific literature review was conducted as reported in [8]. The 

review was based on the Scopus database and performed in December 2024. The selection procedure 

followed the guidelines outlined by [9]. A structured search was carried out by combining the 

keywords “cold supply chain”, “cold value chain”, “food value chain”, “refrigerated storage”, and 

“refrigerated transport” using the following query: 

((TITLE-ABS-KEY(cold AND supply AND chain) OR 

TITLE-ABS-KEY(cold AND value AND chain) OR 

TITLE-ABS-KEY(food AND value AND chain) OR 

TITLE-ABS-KEY(refrigerated AND storage) OR 

TITLE-ABS-KEY(refrigerated AND transport)) 

AND PUBYEAR > 1984 

AND PUBYEAR < 2025 

AND (LIMIT-TO(SUBJAREA, “ENGI”)) 

AND (LIMIT-TO(LANGUAGE, “English”)) 

AND (LIMIT-TO(DOCTYPE, “ar”) OR LIMIT-TO(DOCTYPE, “cp”))) 

The initial keyword search yielded 5,497 entries (for the period 1985–2024). After restricting the 

results to the Engineering subject area and selecting only articles and conference papers written in 

English, the number of documents was reduced to 3,439. Following the removal of duplicates, 3,342 

papers remained. 

To ensure the quality and relevance of the reviewed studies, papers with a low citation index 

were excluded, resulting in 1,261 papers. These were further screened by reading their titles and 

abstracts. When the relevance could not be determined from the title or abstract alone, the full text 

was examined. The inclusion criteria for the literature review were as follows: 

• The paper addresses and discusses EE opportunities in the cold value chain; 

• The paper focuses specifically on the value chain level, while studies addressing only macro-

level aspects (e.g., national-scale impacts) were excluded. 

 

Figure 3. Systematic literature review process. 

A total of 31 papers were initially selected based on these criteria. To address potential 

limitations of the keyword search, the selection was further complemented through cross-
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referencing, as recommended in [9]. This additional step resulted in the inclusion of six more papers. 

Consequently, a total of 37 papers were selected and analyzed in detail. 

6. List of Possible Actions at the Value Chain Level 

The aim of this study is to identify actions to enhance the sustainability and energy performance 

of cold value chains in the food sector, while also analyzing the level of collaboration required for 

their implementation. The 37 papers reviewed in the literature analysis were categorized according 

to the topics addressed and the proposed solutions (Figure 4). 

 

Figure 4. Categorization of papers analyzed. 

• Transport System & Policy: This category includes the optimization of energy consumption 

during transportation, with a focus on network design optimization and route planning. 

• Inventory Management: This involves improvement actions related to inventory coordination 

among stakeholders within the same value chain. 

• Bill of Materials/Packaging: This category addresses the use of materials in product 

transformation and their redesign in relation to energy consumption and packaging 

considerations. 

• Industrial Symbiosis: This refers to energy symbiosis among value chain actors and explores the 

main constraints hindering the implementation of such initiatives. 

Figure 5 illustrates the number of articles per category. It is evident that the largest number of 

studies focus on transport systems and related policies. Other categories—such as industrial 

symbiosis, bill of materials/packaging, and energy communities—are less represented. In our view, 

this may be due to significant implementation barriers, particularly in the cases of industrial 

symbiosis and bill of materials/packaging. 

 

Figure 5. Number of papers per category. 

6.1. Transportation System & Policy 

The optimal configuration of a cold supply chain distribution network can have a significant 

impact on the overall eco-efficiency of the value chain. Two key factors influencing network 

configuration are the number and location of distribution centers (DCs). 

An increase in the number of DCs generally reduces supply chain costs but can also lead to a 

rise in the environmental impact of the chain [10]. The results obtained indicate the potential 

economic and environmental performance outcomes achievable with different numbers of DCs 

within the supply chain. 

The location of DCs has also been investigated by [11], whose model aims to minimize total 

costs—including transportation, hub establishment, temperature adjustment in storage 
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compartments, and carbon emission costs—while maximizing product quality across varying 

temperature requirements. 

Transshipment has proven to be an effective tool for supply chain pooling. Reference [12] 

demonstrates that transshipment among DCs can significantly reduce both GHG emissions and 

operational costs in cold supply chains. 

By integrating variables related to distribution, transportation, and inventory management, [13] 

proposed a model to minimize the energy consumption and carbon emissions of logistics providers. 

The results show a remarkable decrease in total expenses by 100.25% and in environmental impact 

by 100.04%. Similarly, [14] developed a mixed-integer optimization model to address allocation and 

routing problems within a cold supply chain. When applied to a real case study, the model achieved 

a 9.25% cost reduction compared to the current situation. 

To support the design of sustainable cold chains, [15] proposed a model that minimizes total 

energy consumption by identifying the optimal route and mode of transport based on product shelf 

life and required storage temperatures. Reference [16] highlighted that commodity characteristics 

and voyage distances are key factors influencing the choice of shipping mode. 

Reference [17] analyzed the economic and environmental benefits of modular transport devices 

in the cold chain, particularly in cases where the volume utilization of standard refrigerated vehicles 

is low (e.g., less-than-truckload transport), without requiring investment in specialized trucks or 

infrastructure. 

In another case study, [18] demonstrated that adjusting vessel speed can reduce energy 

consumption while maintaining product quality. Reference [19] found that vessel speed tends to 

decrease as bunker fuel prices rise, with this effect being more pronounced for less perishable goods. 

Travel route optimization can substantially improve the energy efficiency (EE) of cold-chain 

logistics systems. Reference [20] developed mathematical models for cold-chain logistics (MMCCL) 

to estimate fuel consumption and carbon emissions, aiming to identify the most carbon-efficient 

routes. In cold-chain logistics, navigation systems specifically designed for refrigerated transport 

must consider not only travel time and cost but also the energy required for cooling. Effective 

optimization minimizes both vehicle propulsion and refrigeration energy while maximizing load 

utilization. 

Given the uncertainty inherent in real-world distribution, [21] proposed a fuzzy approach to 

determine optimal frozen food distribution routes under uncertain time constraints. Reference [22] 

developed an optimization-based decision-making model that enables real-time route adjustments 

through RFID-monitored shipments and strategically placed reader checkpoints along transportation 

routes. 

Finally, [23] demonstrated that aligning distribution activities with weather conditions can 

reduce both energy consumption and operational costs—a benefit that becomes increasingly 

significant as ambient temperatures rise. All the actions mentioned above require an advanced level 

of collaboration among value chain actors, particularly in sharing information to optimize 

transportation processes. 

Table 1 presents the main measures related to the Transportation System & Policy category, as 

identified through the literature analysis. Specifically, the table indicates the required level of 

collaboration intensity, which, for this category, is classified as high or advanced. 

Table 1. Main measures for transportation and system policy category. 

Category Measure Description Collaboration 
Collaboration 

Intensity (0-4) 
Main NEBS 

Transportation 

and 

system policy 

Optimize the network in 

order to reduce the distance 

among the different logistics 

points. 

The actors share information 

in order to redesign VALUE 

CHAIN and optimize the 

transports 

4 – Advanced 

Time and cost 

saving, 

Reducing 

pollutants 
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Transportation 

and 

system policy 

Optimized travel routes (e.g., 

reduction of empty return 

trips), modal shift 

The actors share information 

in order to optimize the 

transports 

3 – High 

Time and cost 

saving, 

Reducing vehicle 

aging, 

Reducing 

pollutants 

6.2. Inventory Management 

To reduce inventory levels and improve service performance in cold value chains, a comparative 

analysis of three inventory policies—Lot-for-Lot, Traditional, and Consignment Stock (CS)—with 

respect to energy consumption and environmental impact shows that the CS agreement can be 

particularly effective. CS involves smaller lot sizes and more frequent shipments, with most of the 

inventory located closer to the customer, thereby reducing overall storage time [24]. 

Although CS has been shown to be more profitable than traditional agreements, this is not 

always the case for all stakeholders within the supply chain. A profit-sharing mechanism can address 

this imbalance, ensuring that both the vendor and the buyer benefit from the CS agreement [25]. 

Implementing this policy requires an advanced level of collaboration among value chain partners, as 

they must share information to optimize inventory management. This approach is especially relevant 

for food cold chains, where demand may be stock-dependent. 

Reference [26] develops a model that considers batch size and energy consumption in cold 

chains, while [27], using the same case study, proposes a method to approximate the optimal 

temperature. Reference [28] presents a model to determine optimal decisions for producers and 

distributors—such as order quantity, freshness-preserving efforts, and pricing—in both 

decentralized and centralized systems. 

Reference [29] introduces three models to determine optimal lot sizing and shipment quantities: 

one focused on minimizing operational costs, another on minimizing the carbon footprint, and a 

hybrid model that accounts for both economic and environmental factors. The hybrid model yields 

the best results in terms of cost savings and carbon emission reduction, particularly when carbon 

taxes are considered. 

To identify optimal replenishment policies and transportation schedules, [30] highlights that 

higher carbon prices do not necessarily lead to greater cold supply chain efficiency. Instead, 

employing a heterogeneous fleet—including light-duty and medium-duty vehicles—can further 

reduce both costs and emissions. 

Since cold products often require different temperature settings and cannot always be stored or 

transported together, [31] proposes a multi-product inventory model to determine the optimal 

inventory levels for each product family, minimizing either total cost or carbon-equivalent emissions. 

Taking into account product quality degradation and adopting shelf-life-based pricing, [32] 

demonstrates that maximizing system-wide joint profit can be achieved by coordinating the 

manufacturing cycle with the inbound and outbound delivery frequencies of materials throughout 

the production process. 

Reference [33] proposes a model to minimize total cost by optimizing purchasing, inspection, 

food waste, packaging, cold storage, transportation, and carbon emission costs. The authors show 

that total costs and emissions are significantly affected by temperature variance, carbon penalty costs, 

and the types of vehicles employed. 

Refrigerated warehouses are more energy-efficient when fully stocked, as this reduces the 

volume of air that needs to be cooled. Reference [34] examines the combined effects of warehouse fill 

level and internal temperature, identifying the optimal lot size that minimizes total system cost. 

Finally, [35] demonstrates that extending storage durations increases energy consumption and 

emissions, reinforcing the importance of sustainable and short cold chains. 

Table 2 presents the main measures related to the Inventory Management category. Specifically, 

the measures analyzed in this category require an advanced level of collaboration. This is due to the 
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need for specific agreements that enable the benefits generated by optimizing the entire value chain 

to be shared among different actors. 

Table 2. Main measures for inventory management category. 

Category Measure Description Collaboration 

Collaboration 

Intensity (0-

4) 

Main NEBS 

Inventory 

management 

Use of the consignment stock 

– VMI inventory technique 

in order to reduce the 

(refrigerated) inventory and 

increase the service 

The actors share 

information in order to 

optimize the inventory 

of the value chain 

4 – Advanced 

Lower CO2 

emissions, 

Inventory 

optimization 

Inventory 

management 

Optimization of the total cost 

and emissions of the value 

chain 

The actors share 

information in order to 

optimize the inventory 

of the value chain 

4 – Advanced 

Lower CO2 

emissions, 

Lower value 

chain total costs 

6.3. Bill of Material and Packaging 

Modifying the Bill of Materials (BOM) can provide an effective strategy for improving 

environmental sustainability and reducing costs throughout the food value chain. Substituting a raw 

material with a locally sourced alternative can significantly reduce transportation requirements, 

thereby lowering fuel consumption and associated emissions [36]. 

Using a Life Cycle Assessment (LCA) for an ice-cream value chain in a UK company, [37] 

demonstrated that premium ice-cream flavors (such as chocolate and vanilla) have a higher 

environmental impact than standard ones, primarily due to differences in their recipes. Similar 

results are reported by [38], who identified opportunities to enhance eco-efficiency and help 

consumers choose more environmentally friendly products in the confectionery and frozen dessert 

sectors. 

Packaging specifically designed for refrigerated transport can reduce cooling time and offer 

substantial energy-saving potential. Reference [39] shows that adding bottom vent holes to fruit and 

vegetable packaging can shorten cooling time by 37%. Reference [40] recommends integrating Peltier 

cells into secondary and tertiary packaging to improve system efficiency and minimize temperature 

fluctuations during critical loading and unloading phases. 

The extensive use of conventional, fossil-fuel-based food packaging contributes to 

environmental problems through the generation of long-lasting waste. Packaging accounts for 

approximately 42% of total plastic waste [41]. Non-plastic packaging materials generate substantially 

lower environmental impacts than plastic alternatives—not only because of their renewable origin 

but also due to differences in manufacturing processes and energy consumption during production 

[42]. 

Table 3 summarizes the main measures related to the Bill of Materials and Packaging category. 

The first measure requires a high level of collaboration, as the choice of packaging material directly 

affects waste management across the entire value chain. The second measure, however, is typically 

determined by individual companies, based on data sharing with other actors in the value chain. 

Table 3. Main measures for bill of material and packaging category. 

Category Measure Description Collaboration 
Collaboration 

Intensity (0-4) 
Main NEBS 

Bill of material 

and Packaging 

Actors decide to 

change the packaging 

and/or withdraw the 

packaging 

The packaging is 

defined in the value 

chain specification and 

3 – High 

Less Global 

warming potential 

Lower dependence 

on fossil fuels 
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influences the waste 

management 

Bill of material 

and Packaging 

Change the bill of 

material (ingredients) 

in order to reduce the 

specific energy 

consumption 

The company defines 

the BOM of the 

products optimizing 

the energy 

consumption of the 

value chain 

1 – Low 

Less Global 

warming potential 

Less land use 

change 

6.4. Indistrial Symbiosis 

Direct inter-firm resource recovery is the cornerstone of Industrial Symbiosis (IS), which is based 

on achieving both economic and environmental benefits through the exchange of by-products among 

companies in close proximity [43]. 

Reference [44] analyzes the potential for IS between a forging industry and a nearby greenhouse 

installation. The results indicate three types of economic savings: (1) increased revenues deriving 

from the CO2 enrichment process, (2) elimination of natural gas consumption, and (3) reduction of 

CO2 emissions fees of the industrial plant. Similarly, [45], through a life cycle assessment of beef 

production supply chain, promotes industrial symbiosis scenarios and evaluates the most efficient 

options. 

The use of anaerobic digestion and cogeneration technologies enables the reconversion of food 

waste into usable energy within the value chain. 

Reference [46] proposes recovering and reusing the cold energy wasted during the liquefied 

natural gas (LNG) gasification process. This energy can be utilized in other processes, by different 

strategic business units, or by nearby companies requiring cooling, thereby improving overall energy 

efficiency. 

Reference [47] models a poly-generation plant designed for both power and cold production for 

recovering cold energy from LNG regasification in a district cooling network with three different 

temperature levels. The plant achieves an equivalent energy saving of 81.1 kW per ton of LNG, with 

an exergetic efficiency of 34.7%. 

Table 4 summarizes the main measures associated with the Industrial Symbiosis category. The 

measures analyzed in this category require an advanced level of collaboration, due to the specific 

investments needed to implement by-product exchange systems. 

Table 4. Main measures for industrial symbiosis category. 

Category Measure Description Collaboration 
Collaboration 

Intensity (0-4) 
Main NEBS 

Industrial 

symbiosis 

By-product exchanges 

and waste heat recovery 

The actors share 

information to 

optimize production 

4 – Advanced 

Reduced greenhouse 

gases emissions 

Improved productivity 

Lower dependence on 

fossil fuels 

7. Discussion 

As shown in Section 6, the actions proposed in the literature to improve the energy efficiency 

and performance of cold value chains involve varying degrees of collaboration among stakeholders. 

Figure 6 summarizes the relationship between the proposed actions—categorized as defined 

earlier—and the required intensity of collaboration. In this graph, the size of each bubble represents 

the number of papers analyzing each specific action. 

Analysis of the results reveals that most actions across the different categories require either high 

or advanced levels of collaboration. At these levels, integrating energy considerations into product 

design and service offerings becomes critical for enhancing overall energy performance. Moreover, 
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collaborative agreements across the value chain must be established, focusing on the optimization of 

shared performance metrics. 

An exception to this trend is the review of the bill of materials, which requires only a low level 

of collaboration. In this case, collaboration is primarily limited to data sharing necessary for assessing 

the energy and environmental impact of the materials used in production. 

While these solutions can significantly reduce energy costs and environmental impact, their 

implementation becomes more complex as the required collaboration intensity increases. This 

complexity arises from the high degree of coordination needed, such as redesigning distribution 

networks, implementing Vendor-Managed Inventory (VMI), and adopting consignment stock 

strategies. 

To facilitate such levels of collaboration, the following elements are essential: 

1. Definition of common performance metrics and goals, to coordinate stakeholders across the 

value chain in implementing the proposed actions. 

2. Establishment of specific agreements among stakeholders, outlining how the resulting benefits 

will be shared. 

It is also important to note that, in general, the successful implementation of these actions 

requires appointing a value chain leader responsible for coordinating the activities of the various 

actors involved. 

 

Figure 6. Collaboration intensity across actions categories. 

Considering the specific characteristics of the cold food chain, the primary focus of optimization 

for reducing energy costs and environmental impact lies in improving the efficiency of energy used 

for refrigeration. Based on the actions analyzed across different categories, energy consumption can 

be reduced and environmental performance enhanced through the following measures: 

• Reducing the time products spend in refrigerated inventory, while simultaneously optimizing 

the frequency of replenishments from various suppliers. 

• Shortening the duration of refrigerated transportation by optimizing routes and increasing 

vehicle load utilization. 
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• Minimizing the distance between actors in the value chain by prioritizing the use of local or 

“low-distance” materials. 

• Redesigning packaging materials by switching to non-plastic alternatives. 

• Recovering and reusing cold energy wasted during the liquefied natural gas (LNG) gasification 

process. 

8. Conclusions 

This research aims to analyze value chain collaborations among actors in the food industry, with 

particular emphasis on the cold value chain. The study focuses specifically on collaborative strategies 

for enhancing energy efficiency in this context. Four levels of collaboration are defined within the 

value chain: 

1. Low-Intensity Collaboration: Establishes standardized data collection and reporting practices 

across the value chain. 

2. Moderate-Intensity Collaboration: Involves harmonizing and sharing data, as well as allocating 

budgets for energy-related actions. 

3. High-Intensity Collaboration: Integrates energy considerations into product design and service 

offerings to improve overall energy performance. 

4. Advanced-Intensity Collaboration: Represents the highest level of collaboration, requiring 

formal agreements across the value chain to achieve energy performance improvements. 

Proposed energy efficiency actions are grouped into four categories: 

• Transport System & Policy: Focuses on network design and route optimization. 

• Inventory Management: Includes improvements related to the coordination of refrigerated 

inventory. 

• Bill of Materials/Packaging: Involves material substitution in production and packaging to 

reduce environmental impact. 

• Industrial Symbiosis: Implements by-product exchange strategies to leverage opportunities 

arising from geographical proximity. 

The analysis indicates that these actions generally require high or advanced levels of 

collaboration and face the following main barriers: 

• The need to define common performance targets and goals among value chain participants. 

• The necessity of establishing formal agreements to govern benefit-sharing. 

• The requirement for a value chain leader to coordinate collaborative efforts. 

Despite these challenges, inter-actor collaborative actions yield substantial improvements in 

energy efficiency. In the specific context of the cold value chain, the following benefits can be 

achieved: 

• Reduced time in refrigerated inventory. 

• Reduced time in refrigerated transport. 

• Minimized distance between value chain actors. 

• Redefined packaging using non-plastic materials. 

• Recovery and reuse of cold energy from LNG gasification. 
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