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Abstract: 

 

Purpose: The paper examines digital maturity and the integration of general and cold-chain-

specific technologies in temperature-controlled supply chains (CSCs) through the Triple 

Transformation framework. It also considers organisational barriers, environmental trade-

offs, regulatory requirements and geographical differences. 

Design/Methodology/Approach: The mixed-methods study combines a systematic review of 

14 Web of Science publications, in-depth interviews with six logistics experts at 

MODERNLOG 2024, and a focused review of 107 publications on CSC technologies (21 

identified through Web of Science and 86 using Scite AI). The analysis compares technology 

functions and applies Actor-Network Theory to interactions between people and digital tools. 

Findings: Among the six surveyed enterprises, ERP, WMS and TMS systems were reported 

by five (83%), mobile robots and cloud services by four (67%), and blockchain, Big Data 

and digital twins by one (17%). These exploratory findings indicate a gap between 

operational digitalisation and integrated predictive systems. Digital time-temperature 

indicators, gas sensors and airflow modelling provide condition data that can support 

quality decisions and first-expired, first-out allocation. Technology choices also vary with 

energy access, infrastructure, product characteristics and regulation, including the ATP 

Agreement and EN 12830. Cybersecurity concerns, equipment failures, skills shortages and 

employee resistance constrain adoption. Environmental gains from improved preservation 

depend on the energy and emissions associated with refrigeration and monitoring. 

Practical Implications: Firms should integrate core systems and reliable data, then deploy 

product- and route-specific sensing before adding predictive models. Interoperability, 

cybersecurity, staff training and human oversight are essential when condition data inform 

product release, routing or disposal. 

Originality/Value: The paper connects exploratory enterprise evidence with a comparative 

review of general-purpose and CSC-specific technologies. Its socio-technical perspective 

shows how digital, environmental and organisational changes intersect, and how technology 

can reshape human responsibilities in a phygital supply chain. 
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1. Introduction 

 

The digital transformation of temperature-controlled supply chains (Cold Supply 

Chains - CSCs) has become an important direction in the development of 

contemporary logistics. Due to the need to ensure uninterrupted temperature-

controlled conditions and to meet stringent product quality and safety requirements, 

CSCs represent one of the most complex logistics systems. At the same time, they 

align with the concept of Triple Transformation, which integrates digital, 

environmental, and social transformation.  

 

Within this framework, digital technologies no longer perform merely a supporting 

function but have become the primary mechanism for coordinating material, 

information, and decision flows across the entire supply chain. This transformation 

also has an important economic dimension. Accenture estimates that AI could 

increase the annual growth rate of gross value added in the transportation and 

storage sector from 2.7% to 4.0% by 2035, representing an increase of 1.3 

percentage points (Purdy and Daugherty, 2017).  

 

In parallel, the global warehouse automation market is projected to grow from USD 

27.3 billion in 2026 to USD 59.5 billion by 2030 (Grand View Research, 2024). 

Against this background, this paper aims to assess the level of digital tool adoption 

in the transport, forwarding, and logistics (TSL) sector based on empirical research 

conducted during the MODERNLOG 2024 trade fair. It further seeks to identify 

technologies employed in cold supply chains and compare them with those used in 

supply chains more broadly.  

 

An additional objective is to identify the principal barriers to implementation, with 

particular emphasis on legal conditions and geographical differences. The originality 

of this study lies in combining empirical findings with a systematic literature review 

and a socio-technical analysis based on Actor-Network Theory (ANT) (Latour, 

2005), thereby providing a comprehensive assessment of the digital transformation 

of cold supply chains from the perspective of Supply Chain 5.0. 

 

2. Literature Review 

 

To date, the development of digital supply chains has been discussed primarily 

within the framework of the Supply Chain 4.0 concept, which focuses on the 

application of Industry 4.0 technologies, including the Internet of Things (IoT), 

Artificial Intelligence (AI), Big Data analytics, robotics, and process automation. 

The primary objective of this approach is to improve operational efficiency, enhance 

decision quality, and reduce operating costs.  

 

However, an increasing body of literature emphasizes that digitalisation alone is 

insufficient to ensure the long-term resilience and sustainability of supply chains 
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(Alam et al., 2025; Bogataj et al., 2020; Gillespie et al., 2023; da Costa et al., 2023; 

Karanam et al., 2022). 

 

In response to these challenges, the Supply Chain 5.0 concept has emerged, 

extending the previous approach by incorporating social, environmental, and 

organisational dimensions. Rather than replacing Industry 4.0 solutions, Supply 

Chain 5.0 treats them as the foundation for achieving three strategic objectives: 

sustainability, human-centricity, and resilience.  

 

These objectives are consistent with the principles of the Triple Transformation 

concept, highlighting that digital transformation should be evaluated not only in 

terms of technological efficiency but also with respect to its impact on the 

environment, organisations, and supply chain stakeholders (Saimon et al., 2026; 

Khan et al., 2025; Ardanta et al., 2025). 

 

Despite the rapid growth of research on logistics digitalisation, most studies focus on 

general-purpose technologies applied in conventional supply chains. Considerably 

less attention has been devoted to solutions designed specifically for temperature-

controlled products, whose management is constrained by additional biological, 

technological, and regulatory requirements and is also closely linked to 

environmental considerations. Existing research typically examines individual 

technologies or selected aspects of digitalisation, whereas comprehensive 

comparisons between general supply chain technologies and solutions specific to 

cold supply chains remain scarce.  

 

Furthermore, relatively few studies adopt a socio-technical perspective that 

considers the interaction between technologies and supply chain actors. In this 

context, Actor-Network Theory (ANT) provides a useful analytical framework by 

treating human and non-human entities, including technologies, as actors whose 

relationships jointly shape organisational processes and contemporary logistics 

networks (Latour, 2005). 

 

3. Research Methodology 

 

This study adopted a mixed-methods research design integrating a systematic 

literature review, primary empirical data collection, and a specialised socio-technical 

analysis of solutions characteristic of temperature-controlled supply chains. The 

research methodology was organized into three distinct stages. 

 

The first stage comprised a systematic literature review using the Web of Science 

(WoS) database. The search strategy employed the term "supply chain" across all 

topic fields, initially identifying 175,604 publications. The dataset was subsequently 

refined by selecting records containing the keyword "digital tools", reducing the 

sample to 1,118 publications. The analysis was then limited to 844 studies published 

between 2022 and 2026. From this dataset, publications belonging to the five most 
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represented Web of Science subject categories-Management, Business, Operations 

Research and Management Science, Engineering Industrial, Engineering 

Manufacturing, and Transportation - were selected. Fourteen open-access review 

articles were ultimately included for in-depth analysis. 

 

The second stage involved primary empirical research conducted during the 

MODERNLOG International Trade Fair, held in Poznan, Poland, between 3 and 5 

June 2024. Individual In-Depth Interviews (IDIs) were conducted with six industry 

experts selected from representatives of 75 companies participating in the exhibition.  

 

The respondents included robotics specialists and warehouse managers with 

extensive professional experience. The research sample was balanced with respect to 

company size and included both medium-sized enterprises and large corporations 

operating in European and global markets. Participants evaluated 31 technological 

solutions using a five-point Likert scale, assessing 21 potential implementation risks 

and 24 expected benefits. This stage provided the quantitative basis for assessing the 

current level of Supply Chain 5.0 technology adoption. 

 

The third stage, conducted in June 2026, provided a focused analysis of digital 

technologies specific to temperature-controlled supply chains. Two complementary 

search paths were employed using the same thematic keywords. First, the Web of 

Science (WoS) database was searched across all topic fields using the terms “cold 

supply chain” and “digital tools”. The initial search for “cold supply chain” yielded 

2,371 records.  

 

Applying the additional term “digital tools” and limiting the publication period to 

2020–2026 resulted in 21 publications. Second, the Scite AI Research Assistant was 

used with the same thematic keywords to identify and synthesise additional 

scientific evidence. This search identified 86 relevant publications concerning digital 

technologies applied in cold supply chains. A comparison of the two datasets 

confirmed that they did not overlap. Consequently, the final evidence base for the 

third stage comprised 107 unique publications: 21 identified through Web of Science 

and 86 additional publications identified using Scite. 

 

The combined evidence base was analysed to identify specialized technologies, 

including digital time-temperature indicators, gas sensors for detecting ethylene, 

ammonia and Total Volatile Basic Nitrogen (TVB-N), as well as Computational 

Fluid Dynamics (CFD) models used to optimise airflow within refrigerated 

containers.  

 

A socio-technical perspective based on Actor-Network Theory (ANT) was 

subsequently applied to examine how technological artefacts, including artificial 

intelligence, blockchain and digital twins, reshape the roles of human actors within 

supply chain networks. (Couzineau-Zegwaard and Meier, 2023; Cordeiro and 

Ferreira, 2025; Luo et al., 2022; Saucède, 2022). 
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In addition, a comprehensive review of the applicable regulatory framework was 

conducted, focusing on the requirements of the ATP Agreement (UNECE, 2024), 

EN 12830, which specifies a required temperature measurement and Commission 

Regulation (EC) No 450/2009 (European Commission, 2009) concerning active and 

intelligent materials and articles intended to come into contact with food. 

 

4. Research Results and Discussion 

 

According to empirical research 31 distinct categories of technological tools and 

solutions were evaluated. Warehouse Management Systems (WMS), Transportation 

Management Systems (TMS), and Enterprise Resource Planning (ERP) systems 

were the most widely adopted category, reported by 83% of the surveyed 

enterprises. AMRs, cloud computing and storage services, MRO services, and 

autonomous internal transport vehicles were each reported by 67%.  

 

Robotic goods-handling systems, RFID tags, Artificial Intelligence, and robotics and 

automation technologies were each used by 50%. Seven categories were reported by 

33%, and eight advanced categories, including Intelligent Transportation Systems, 

Big Data, blockchain, Supply Chain 4.0 solutions, and digital twins, were each 

reported by 17%. Seven categories were not used by any respondent. The complete 

distribution is presented in Table 1. 

 

Table 1. Adoption of Digital and Automation Technologies by the Surveyed 

Enterprises 

Technology or solution 
Enterprises 

(%) 

Enterprises 

(n) 

WMS, TMS and ERP systems 83 5 

Autonomous Mobile Robots (AMRs) 67 4 

Cloud computing and storage services 67 4 

Maintenance, Repair, and Operations (MRO) services 67 4 

Autonomous internal transport vehicles 67 4 

Robotic goods-handling systems 50 3 

RFID tags 50 3 

Artificial Intelligence (AI) 50 3 

Robotics and automation technologies 50 3 

Automated Guided Vehicles (AGVs) 33 2 

Internet of Things (IoT) 33 2 

Smart city systems 33 2 

Automated storage and retrieval systems (AS/RS) 33 2 

Robotic palletisers 33 2 

Pick-to-light systems 33 2 

Virtual Reality (VR) 33 2 

Intelligent Transportation Systems (ITS) 17 1 

Big Data management and analytics 17 1 

Collaborative robots (cobots) 17 1 

Automated conveyor systems 17 1 
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Technology or solution 
Enterprises 

(%) 

Enterprises 

(n) 

Automated racking systems 17 1 

Blockchain 17 1 

Supply Chain 4.0 solutions (IoT and analytics) 17 1 

Digital twins 17 1 

Smart glasses 0 0 

Exoskeletons 0 0 

3D printing 0 0 

Augmented Reality (AR) 0 0 

Automatic Identification and Data Capture (AIDC) 0 0 

Anthropomorphic robots 0 0 

Other: Jungheinrich high-lift trucks 0 0 

Note: n = 6 enterprises. Percentages were rounded to the nearest whole number. 

Source: Authors' empirical research conducted during the MODERNLOG 2024 trade fair. 

 

The literature indicates that the number of digital tools identified in supply chains 

depends on the adopted research methodology. Lu and Taghipour (2025), based on a 

review of nearly 900 publications, identified 43 distinct digital technologies, 

whereas Perano et al. (2023) identified 87 digital technologies and grouped them 

into 11 macro-categories.  

 

Despite this diversity, most studies focus on a relatively limited group of 

technologies. Pareto analysis shows that nine categories - blockchain, Big Data, 

Artificial Intelligence, decision support systems, additive manufacturing (3D 

printing), the Internet of Things (IoT), automation, cloud computing (CC), and 

Radio Frequency Identification (RFID) - account for approximately 90% of the 

scientific literature on supply chain digitalisation. 

 

The technological foundations of contemporary Cold Supply Chains include RFID 

and barcode systems ensuring product traceability (Cordeiro and Ferreira, 2025; 

Makroo et al., 2020), Internet of Things (IoT) devices providing continuous 

monitoring of temperature, humidity, and gas composition while enabling real-time 

visibility (Dhar et al., 2026; Davoudi et al., 2025), Time-Temperature Indicators 

(TTIs) (Waldhans et al., 2024), ERP systems (Cordeiro and Ferreira, 2025), QR 

codes supporting product information sharing (W3C, 2022; Luo et al., 2022), and 

cloud platforms integrating data generated across distributed supply chain nodes 

(Kuffi et al., 2016; Ren et al., 2022). 

 

Technologies specific to CSCs include Digital Time-Temperature Indicators (TTIs), 

which monitor cumulative thermal exposure (Thirupathi Vasuki et al., 2023; Alam 

et al., 2025; Bai, Liu and Sun, 2023), gas sensors detecting ethylene and Total 

Volatile Basic Nitrogen (TVB-N) as indicators of food spoilage (Chiu and Yang, 

2024; Ruiz Garcia, 2008; Bai, Liu and Sun, 2023), and Computational Fluid 

Dynamics (CFD) models used to eliminate hot spots in refrigerated containers 

(Chang et al., 2025; Bai et al., 2023; GCCA, 2024).  
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These technologies facilitate the transition from the traditional FIFO (first-in, first-

out) inventory strategy to FEFO (first-expired, first-out inventory), where stock 

rotation is based on digitally estimated remaining shelf life (Ruiz Garcia, 2008; de 

Oliveira et al., 2022; Bai et al., 2023). Moreover, systems combining remote 

monitoring with Artificial Intelligence algorithms improve shelf-life prediction 

accuracy by approximately 8-12% (Alam et al., 2025). 

 

Regional differences in technology adoption were also identified. In Africa and 

India, low-energy solutions such as ColdHubs and Zeer pots reduce storage 

temperatures by approximately 6°C without electricity (Basediya et al., 2013; 

Birhanu and Belay, 2023; Makule et al., 2022). In Europe, LTE-M data loggers 

generating real-time alerts and digital twins supporting energy consumption 

simulations are more widely adopted (Bai et al., 2023; UNEP and FAO, 2022; 

Gillespie et al., 2023; UNEP and FAO, 2022).  

 

Consequently, technology adoption depends on infrastructure development, energy 

availability, and regulatory requirements, including EN 12830:2018 (CEN, 2018) 

and Commission Regulation (EC) No 450/2009 governing intelligent packaging. 

 

Considering the empirical research conducted as part of this study, the principal 

implementation barriers were technical and organisational. Data security concerns 

and machine failures received the highest average rating (4.67 on a five-point scale). 

Employee resistance and shortages of qualified personnel were each reported by 

26.7% of the surveyed enterprises. Implementation costs received a mean score of 

2.83, whereas the perceived risk of job displacement remained relatively low (2.17). 

 

4.1 General-Purpose Digital Tools for Supply Chain Management 

 

General-purpose supply chain management tools create the horizontal digital 

backbone used across industries, including temperature-controlled logistics. ERP, 

WMS, and TMS integrate transactions, inventories, warehousing, and transport 

planning, while cloud computing and control-tower platforms support data exchange 

and coordinated network-level decisions. RFID, barcodes, and QR codes provide 

identification and event capture; IoT, Big Data analytics, Artificial Intelligence (AI), 

blockchain, automation, robotics, and digital twins extend this foundation toward 

real-time visibility, prediction, process automation, and trusted inter-organisational 

data sharing (Lu and Taghipour, 2025; Perano et al., 2023; Couzineau-Zegwaard and 

Meier, 2023; Luo et al., 2022). 

 

These general tools are not intrinsically cold-chain technologies: their primary object 

is the coordination of orders, resources, assets, and information flows. Their value in 

CSCs emerges when they relate to condition-monitoring data and product-quality 

models. IoT platforms collect sensor signals, AI and analytics detect anomalies and 

optimise forecasts or routes, blockchain can preserve selected traceability records, 

and digital twins or control towers coordinate physical and digital actors across 
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organisational boundaries. This socio-technical configuration also changes 

responsibilities and decision rights, making interoperability, cybersecurity, employee 

competence, and change management central implementation conditions 

(Couzineau-Zegwaard and Meier, 2023; Trenerry et al., 2021; Agrawal et al., 2023). 

 

The evidence from MODERNLOG 2024 confirms a maturity gap within this general 

layer. ERP, WMS, and TMS are used by 83% of surveyed firms and AMRs and 

cloud computing by 67%, whereas blockchain, Big Data, and digital twins are used 

by only 17%. The pattern suggests that enterprises have digitised individual 

operational processes more rapidly than they have built interoperable, predictive, 

and autonomous supply-chain ecosystems. 

 

4.2 Technologies Specific to Cold Supply Chains 

 

The specialised layer is shaped more strongly by local infrastructure, climate, 

product characteristics and regulation than the general digital layer. In several 

African countries, cold-chain solutions prioritise low-energy, off-grid or solar-

powered operation. In Ethiopia, an evaporative cooler clay chamber constructed 

from locally available materials was developed to extend the shelf life of injera by 

reducing temperature and increasing relative humidity (Birhanu and Belay, 2023).  

 

In Nigeria, solar-powered cold-storage facilities operated by Cold Hubs provide 

decentralised storage services for horticultural products and support the 

modernisation of local agrifood markets (Takeshima et al., 2023).  

 

Charcoal- and sand-based evaporative cooling chambers have also been evaluated in 

Tanzania as alternatives for extending the shelf life of fresh produce (Msacky and 

Leonard, 2023), while solar-powered milk-cooling systems have been tested in 

Kenya and Tunisia to address limited access to reliable refrigeration infrastructure 

(Salvatierra-Rojas et al., 2018; Oueslati-Zlaoui et al., 2023). 

 

In India, zero-energy cool chambers constructed using double brick walls and a layer 

of wet sand provide low-cost short-term storage for fruit and vegetables under 

conditions of limited electricity access (Basediya et al., 2013; Singh et al., 2010).  

 

In Malaysia, cold-chain operations are additionally influenced by Halal logistics 

principles, particularly the need to prevent direct contact and cross-contamination 

between Halal and non-Halal products during handling, storage and transport 

(Tieman, van der Vorst and Ghazali, 2012; Ab Talib et al., 2014).  

 

In Thailand, cold-storage activities are regulated under the Warehouse, Silo and 

Cold Storage Act B.E. 2558 (2015), which establishes supervisory and operational 

requirements for businesses providing these services (Thailand Department of 

Internal Trade, 2015). 
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European applications are generally more data intensive. Research conducted in 

Spanish commercial refrigerated warehouses has demonstrated the combined use of 

wireless sensor networks and RFID technologies for monitoring temperature 

conditions and identifying spatial differences within storage facilities (Ruiz-Garcia, 

2008; Badia-Melis et al., 2015).  

 

In Northern Ireland, an LTE-M-based IoT anomaly-detection system was deployed 

in Musgrave Marketplace delivery vehicles operating in the Greater Belfast area, 

enabling real-time monitoring and alerts concerning refrigeration anomalies 

(Gillespie et al., 2023).  

 

In France, self-refrigerated containers mounted on electric bicycles and electric 

vehicles have been deployed for urban meal deliveries to elderly and isolated 

residents in Paris (UNEP and FAO, 2022). These examples demonstrate that 

technology portfolios cannot follow a universal one-size-fits-all model but must be 

adapted to local energy and communications infrastructure, climate, product 

characteristics, religious and sanitary requirements and the applicable legal 

framework. 

 

The environmental dimension of CSC transformation extends beyond the 

implementation of energy-efficient refrigeration equipment. Refrigeration increases 

electricity demand and generates direct emissions through refrigerant leakage, while 

its expansion may also produce broader system-level effects associated with food 

consumption, distribution patterns and waste generation.  

 

Consequently, environmental assessment should integrate energy consumption, 

refrigerant emissions, transport-related emissions and avoided food losses rather 

than evaluating these effects separately. Such a systemic perspective is particularly 

important because improvements in product preservation may reduce food waste, 

but their overall environmental benefit depends on the energy source, refrigeration 

technology and structure of the supply chain (Heard and Miller, 2016). 

 

Digital technologies can support this environmental transformation by connecting 

condition monitoring with predictive models and operational decision-making. 

Predictive microbiology tools, such as the Sym’Previus platform, model microbial 

behaviour under changing temperature, pH and water-activity conditions and can 

therefore support the assessment of temperature excursions, remaining shelf life and 

product safety.  

 

When combined with real-time monitoring, these models may enable firms to adjust 

storage and transport conditions more precisely, reduce unnecessary product 

disposal and avoid excessive cooling. Their environmental contribution is 

nevertheless indirect and context-dependent: reductions in food losses must be 

assessed against the energy and data-processing resources required to operate the 
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monitoring and refrigeration systems (Couvert et al., 2006; da Costa et al., 2023; 

Heard and Miller, 2016). 

 

From the perspective of triple transformation, digital, environmental and socio-

organisational changes should therefore be considered jointly. Sensors, IoT 

platforms, AI and predictive models constitute the digital dimension; reductions in 

energy consumption, refrigerant emissions and food waste represent the 

environmental dimension; and changes in employee competences, responsibilities, 

accountability and relationships between human and technological actors form the 

socio-organisational dimension.  

 

Digital artefacts do not merely provide additional information but may redistribute 

decision-making authority within supply chain networks, particularly when 

algorithmic recommendations determine whether products are released, redirected or 

discarded. Successful CSC transformation consequently requires not only 

technological integration but also transparent decision rules, workforce 

development, clearly assigned data rights and human oversight of automated quality 

decisions (Couzineau-Zegwaard and Meier, 2023; Trenerry et al., 2021; Saucède and 

Piot-Lepetit, 2023). 

 

4.3 Comparative Analysis of General and CSC-Specific Tools 

 

Translating this integrated approach into managerial practice requires a layered 

implementation process, beginning with the stabilisation of master data and the 

integration of ERP, WMS, TMS, identification and cloud services. Table 2 separates 

the horizontal technologies used throughout supply chain management from tools 

whose measurement target or decision logic is specific to temperature-controlled 

products. It also shows that several technologies, notably IoT, AI, blockchain, and 

digital twins, are general platforms whose CSC role depends on integration with 

specialised sensing and quality models. 

 

Table 2. Comparison of General Supply Chain Management Tools and Cold-Chain-

Specific Technologies 
Tool or 

group 
General SCM function 

CSC-specific application / 

distinction 
Evidence / citations 

ERP / WMS / 

TMS 

Orders, resources, 

inventory, warehousing 

and transport planning 

Digital backbone; integrates 

temperature alerts, quarantine, 

FEFO and corrective 

transport decisions 

Konecka et al. (2025); 

Cordeiro and Ferreira 

(2025) 

RFID, 

barcodes, QR 

and digital 

identity 

Identification, event 

capture and traceability 

Links identity with batch, 

condition history and product-

quality information 

Makroo et al. (2020); 

W3C (2022); Luo et al. 

(2022) 
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Tool or 

group 
General SCM function 

CSC-specific application / 

distinction 
Evidence / citations 

IoT, cloud 

and control 

towers 

Real-time visibility, 

data sharing and 

network coordination 

Continuous temperature, 

humidity, gas and power-

status monitoring with 

excursion alerts 

Gillespie et al. (2023); 

Dhar et al. (2026); 

Couzineau-Zegwaard 

and Meier (2023) 

AI and Big 

Data analytics 

Forecasting, anomaly 

detection, optimisation 

and decision support 

Shelf-life prediction, 

condition-based routing, 

predictive maintenance and 

quality-risk detection 

Alam et al. (2025); Bai 

et al. (2023); Gillespie et 

al. (2023) 

Blockchain 

Trusted multi-party 

records, provenance and 

smart-contract support 

Tamper-evident temperature 

and custody records; useful 

only when governance and 

interoperability are resolved 

Luo et al. (2022); 

Saucède (2022) 

Digital twins 

Scenario simulation and 

coordination of physical 

and digital assets 

Simulation of refrigeration, 

energy use and quality 

outcomes; supports integrated 

CSC control 

Agrawal et al. (2023); 

Centre for Sustainable 

Road Freight (2021) 

Digital TTIs 
Not normally a general 

SCM tool 

Measures cumulative thermal 

exposure and supports 

dynamic remaining-shelf-life 

estimation 

Waldhans et al. (2024); 

Thirupathi Vasuki et al. 

(2023) 

Gas sensors / 

intelligent 

packaging 

Not normally a general 

SCM tool 

Detects ethylene, ammonia or 

TVB-N and communicates 

spoilage or freshness 

Chiu and Yang (2024); 

Bai et al. (2023) 

CFD 

modelling 

General engineering 

simulation, but not a 

mainstream SCM 

transaction tool 

Optimizes airflow and 

eliminates hot spots in 

refrigerated rooms, vehicles 

and containers 

Kuffi et al. (2016); 

Chang et al. (2025); 

GCCA (2024) 

FEFO 

decision logic 

Inventory allocation 

rule 

Uses sensed and predicted 

remaining shelf life instead of 

arrival time 

Ruiz Garcia (2008); de 

Oliveira et al. (2022); 

Bai et al. (2023) 

Low-energy 

cooling 

solutions 

Not a digital SCM tool 

Context-specific cold 

preservation where electricity 

and connectivity are 

constrained 

Basediya et al. (2013); 

Birhanu and Belay 

(2023); Makule et al. 

(2022) 

Robotics / 

AMRs / RaaS 

Material handling and 

operational automation 

Cold-room movement can 

reduce exposure and labour 

burden; requires equipment 

suitable for low temperatures 

Konecka et al. (2025) 

Source: Developed by the authors based on the sources cited in the table. 

 

4.4 Integration, Governance, and Managerial Implications 

 

The distinction between general and CSC-specific tools is analytical rather than 

architectural. General tools provide integration, planning, identification, analytics, 

and governance; specialised tools provide high-resolution evidence about 

temperature history, atmosphere, product degradation, remaining shelf life, and 
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refrigeration performance. Value is created at their interface. A stand-alone sensor 

may document an excursion, but a connected sensor can trigger a TMS route change, 

a WMS quarantine decision, a FEFO allocation, an AI-based shelf-life recalculation, 

or a blockchain traceability event. 

 

For managers, implementation should therefore follow a layered approach, 

beginning with the stabilisation of master data and the integration of ERP, WMS, 

TMS, identification and cloud services. Product- and lane-specific sensing should 

subsequently be deployed in accordance with regulatory and measurement 

requirements, while analytics, AI, digital twins and control towers should convert 

the collected condition data into operational decisions.  

 

Blockchain should be used selectively where the need for multi-party trust, 

auditability or contract automation justifies its cost and governance complexity. 

Open interfaces, common data definitions, cybersecurity controls, workforce training 

and clearly assigned data rights remain essential prerequisites for implementation at 

scale (Luo et al., 2022; Couzineau-Zegwaard and Meier, 2023; Trenerry et al., 2021) 

 

4.5 Evidence Limitations and Research Gaps 

 

The combined evidence reveals several research gaps. Long-term and comparative 

evidence concerning the performance and sustainability effects of blockchain-

enabled CSCs remains limited, while interoperability standards have not been 

sufficiently demonstrated across sensors, AI models, digital identities, enterprise 

systems and distributed ledgers.  

 

The human consequences of data-driven quality decisions—including competence 

requirements, accountability and trust in algorithmic recommendations—also require 

deeper investigation. Further field studies are needed to determine how regulatory 

regimes, infrastructure quality, firm size and product characteristics influence the 

economically appropriate combination of general and CSC-specific tools (Saucède, 

2022; Couzineau-Zegwaard and Meier, 2023; Agrawal et al., 2023; Trenerry et al., 

2021). 

 

5. Conclusions, Proposals, Recommendations 

 

The findings indicate that the digital transformation of temperature-controlled 

supply chains is currently at a transitional stage. The surveyed enterprises primarily 

focus on implementing solutions that support day-to-day operational management, 

such as WMS, TMS and ERP systems, whereas technologies enabling full process 

integration, predictive analytics, and autonomous decision-making - such as 

blockchain, Big Data, and digital twins - remain confined to the most 

technologically advanced organisations (Konecka et al., 2025, pp. 195-197). This 

confirms the persistence of a gap between the basic digitalisation of logistics 

processes and the full implementation of the Supply Chain 5.0 paradigm. 
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The study further demonstrates that the digital transformation of cold supply chains 

extends beyond the implementation of individual technologies and fundamentally 

reshapes the management of the entire logistics system. The integration of the 

Internet of Things (IoT), Artificial Intelligence (AI), and blockchain technology 

creates the foundation for an integrated digital ecosystem capable of real-time 

product monitoring, predictive process management, and data integrity assurance.  

 

These findings are consistent with the principles of the Triple Transformation 

concept, identifying digitalisation as one of the principal drivers of efficiency and 

resilience in contemporary supply chains (von See et al., 2024; Perano et al., 2023). 

 

From a managerial perspective, these findings highlight the need to develop an 

integrated digital ecosystem based on a "digital triad" comprising IoT, AI, and 

blockchain. At the same time, the results indicate that the principal barriers to 

transformation are organisational rather than technological. The shortage of qualified 

personnel, employee resistance, and data security concerns proved to be more 

significant challenges than implementation costs. To reduce financial barriers, 

enterprises may adopt flexible financing models such as Robots as a Service (RaaS) 

(Konecka et al., 2025, pp. 195-197). 

 

A significant scientific contribution of this study is the identification of the human 

factor as both a barrier to and a catalyst for digital transformation. The findings 

confirm that successful technology implementation depends not only on the level of 

technological sophistication but also on employees' competencies and effective 

organisational change management. This reflects the emergence of a "phygital" 

environment in which digital technologies augment rather than replace human 

capabilities (Perano et al., 2023; Trenerry et al., 2021; Agrawal et al., 2023). 

 

The originality of this study stems from the triangulation of empirical data collected 

during the MODERNLOG 2024 trade fair with the findings of a systematic literature 

review on technologies applied in Cold Supply Chains. The analysis encompasses 

both widely adopted logistics technologies and solutions specific to temperature-

controlled supply chains, including TTIs, gas sensors detecting ethylene and TVB-N 

and CFD modelling. The study also demonstrates the importance of regulatory 

frameworks, including EN 12830:2018 (CEN, 2018) and the ATP Agreement 

(UNECE, 2024), as key drivers supporting the development of high-quality 

temperature monitoring systems. 

 

Future studies should also focus on the long-term evaluation of blockchain 

technology under different regulatory environments, the development of 

interoperability standards for IoT and AI systems, and the advancement of solutions 

enhancing the cybersecurity of Logistics 4.0 architectures. Effective strategic 

management of temperature-controlled supply chains requires the simultaneous 

development of digital technologies, organisational capabilities, and secure, 
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interoperable data exchange systems capable of supporting more resilient and 

sustainable logistics networks. 
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