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Abstract
Considering the climate change effect on the food system, there is a growing need for scientific research with the aim of strengthening its resilience. From a food safety perspective, certain foods, like pasteurized milk, rely on low temperature during transportation as barrier to pathogen growth, thus any disturbance in the cold supply chain could result in foodborne illness. This study aimed to evaluate the impact of heatwaves on the cold supply chain of pasteurized milk through mathematical modelling for two European regions, i.e., Greece and Belgium. Based on the results, under heatwave scenarios the cold supply chain was disrupted in both regions. This suggests that heatwaves should not only be a concern for the warmer European south but also for central European regions. The presented framework can be adjusted for other products or enriched with more aspects like the temperature variability at the retail to yield more realistic results. Overall, this study highlights the need for future-proofing the cold supply chain of food.
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Introduction
With rising global temperatures, altered rainfall patterns, and increased frequency of extreme weather events, climate change is expected to drastically affect the food system (Katsini et al., 2019). The food system, according to FAO (2019), includes, besides the production of food, also its transportation. This means that the supply chain is part of the food system, thus it is expected to be affected by climate change. According to Davis et al. (2021) the food supply is highly susceptible to environmental shocks, extreme rainfall and heatwaves. This underlines the vulnerability of the supply chains to such events, which brings food security at risk. However, especially when dealing with the cold supply chain, also the food safety is jeopardized. As low temperature is used to prevent growth of pathogenic bacteria (Wu et al., 2021), any disruption in the cold supply chain threatens food safety. Usually refrigerated goods are transported with cooling trucks, nevertheless, the cooling capacity of a given truck is dependent on the ambient temperature (Song et al., 2022). One of the numerous effects of climate change is the increased frequency of extreme events such as heatwaves. The European regions, and especially the south, are already experiencing this along with its disastrous consequences.
All the above underline the urgent need to evaluate the effect of heatwave conditions on the cold food supply chain in terms of food safety. There is a growing need to build a future proof and resilient food system, guided by evidence-based decision making. Mathematical modelling is a valuable tool in tackling this. Thus, the aim of this paper is to assess the effect of climate change, in terms of heatwaves, on the cold supply chain with respect to food safety by utilizing mathematical modelling. Pasteurized whole milk is considered as the case study, while data from Greece and Belgium are simulated to include two distinct climatological regions.
Materials and Methods
As mentioned in the previous section, this is an in silico study, in which three models are utilized: one for describing the temperature of the truck chamber as a function of the ambient temperature, one for describing the milk temperature as a function of the truck chamber temperature, and one for the food safety hazard level as a function of the milk temperature. Four different ambient temperature scenarios are simulated: Greece under summer and heatwave conditions and Belgium under summer and heatwave conditions. The corresponding ambient temperatures for the year 2023 were accessed from the Climate Data Store (CDS) of the Copernicus Climate Change Service (Muñoz Sabater, 2019).
Cooling truck chamber temperature model
The model introduced by Fallmann et al. (2023) was applied to obtain the cooling truck chamber temperature, [°C], as a function of the ambient temperature, [°C], the heat flow from the milk to the chamber, [W], the door openings, , and the compressor speed, [rpm]:
	
	(1)


Where  corresponds to the parameter vector. A detailed description of the model can be found in Fallman et al. (2023). To capitalize on the door openings functionality of the model, each simulation was broken down into three time steps: one for transporting the milk with closed doors, one for keeping the doors open and reducing the amount of cargo to half, and a last one for transporting the remaining milk. For each step, the heat flow from the milk to the chamber, [W], was assumed constant and estimated as:
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Where [kg] is the mass of the milk, [J/kg°C] is the heat capacity of the milk, [°C] is the initial temperature of the milk,  [°C] is the temperature of the cooling chamber at the end of the simulated time step, and  [s] is the total time of the simulated time step. Furthermore, the volume of milk transported was estimated based on the dimensions of the considered cooling truck. Heat transfer was assumed to occur at the vertical sides as well as at the top of the cargo.


Milk temperature model
A simplistic approach was followed to estimate the milk temperature at time ,  [°C], based on (Konovalenko et al., 2021):
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Where  [°C] is the cooling chamber temperature at time ,  [°C] is the milk temperature at time ,  [m2] is the heat transfer surface, and  [W/m2°C] is the heat transfer coefficient for milk. The values of the milk properties were selected from Munir et al. (2016).
Food safety hazard model
[bookmark: _Hlk151979012]In terms of food safety, one of the major hazards for the milk cold supply chain is Listeria monocytogenes, therefore, the growth model and the secondary growth model for this pathogen were applied (Alavi et al., 1999):
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Where  [CFU/ml] is the population level,  [h-1] is the maximum growth rate,  [CFU/ml] is the maximum population level, and  is a measure of the physiological state of the bacterial cells. Eq. (6) describes the temperature dependence of the , where  [°C] are the minimum and maximum temperatures for growth, respectively, while  are parameters.
Results and Discussion
Firstly, the results of the scenarios corresponding to the two temperature models and then the Listeria monocytogenes levels are presented. It is important to note that, based on the current regulation, during the storage and transportation of pasteurized milk, the temperature should not exceed 4 °C, as the shelf life of the product is jeopardized if the temperature increases.
Cooling chamber and milk temperature
The three time steps regarding the door opening mentioned in the previous section were selected as: 1 hour for the transport to the first retailer with closed doors, 10 minutes to unload half of the cargo with open doors, and 1 hour for the transport to the second retailer. The compressor speed was selected at 2000 rpm. Based on recent years’ temperature recordings, Belgium, which belongs to the temperate climate based on the Köppen climate classification (Beck et al., 2018), recorded the highest temperature in 2023 on 8 July, at 35 °C based on the downloaded data from the CDS. Therefore, the temperature for the scenarios referring to Belgium was 25 °C for the summer and 35 °C for the heatwave. Figure 1 illustrates the results for these scenarios in terms of temperature evolution for the cooling chamber as well as for the milk.
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Figure 1: Temperature evolution for the cooling chamber of the truck and the milk for two scenarios (summer and heatwave) referring to Belgium.
Based on these results, the milk temperature did not exceed the 4 °C threshold for the summer scenario, with a maximum milk temperature of 3.99 °C. For the heatwave scenario, nevertheless, the milk temperature reached 4.20 °C, which means that the cold supply chain can be disrupted even for a central European country.
Greece, which belongs to the Mediterranean climate based on the Köppen climate classification (Beck et al., 2018), recorded the highest temperature in 2023 on 23 July, at 45 °C, based on the CDS data. Therefore, the temperature scenarios were 30 °C for the summer and 45 °C for the heatwave, and the results are depicted in Figure 2. In both cases the milk temperature exceeded the 4 °C threshold. For the summer scenario the maximum milk temperature was 4.09 °C, while for the heatwave it was 4.44 °C. These results underline the urgent need for adaptation in the countries that suffer from severe heatwaves. Overall, by comparing Figure 1 with Figure 2, it is clear that as the ambient temperature increased, the maximum milk temperature increased and the time for which the milk had a temperature above 4 °C prolonged.
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Figure 2: Temperature evolution for the cooling chamber of the truck and the milk for two scenarios (summer and heatwave) referring to Greece.
Listeria monocytogenes population level
Based on the above, the evaluation of the Listeria monocytogenes levels was simulated only for the heatwave scenario in Greece. Considering the effect of temperature on the maximum growth rate of Listeria monocytogenes, even though the minimum temperature for growth was below 4 °C, the rate at which the pathogen grew was low. Thus, for the short timeframe of the supply change considered, i.e., about two hours in total, the increase in the population was quite low.
Therefore, for this case, two additional time steps were accounted for: one before the transportation and one after. The first one (1.5 hours) started at the time of contamination, which was assumed to happen at the production facility, until the start of the transportation. For this step, the milk temperature was assumed to be constant at 4 °C. The second one (4 days) started at the end of transportation until the milk purchase, where the milk temperature was considered constant at 4 °C. The reasoning behind this selection was that the shelf life of pasteurized milk in Greece is 5 days by law (Koutsoumanis et al., 2010). The contamination was assumed at 1000 CFU/ml and the resulting population evolution is illustrated in Figure 3. The data were compared with the scenario where the milk temperature is considered constant at 4 °C (no disruption in Figure 3).
As the nature of bacterial growth is exponential, it is expected that at the beginning of the simulation, which corresponded to the cold chain, the population level would be quite low compared to the end of the simulation. By comparing the two cases, the pathogen population at the end of the shelf life was higher for the heatwave scenario, as expected. This shows that an increase in the population of foodborne pathogens is possible due to heatwaves and thus, the food safety of the supply chain is at risk due to climate change.
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Figure 3: Listeria monocytogenes population for heatwave scenario in Greece.
Conclusions
There is a growing concern regarding the effect of climate change on food supply chains, as it endangers food security. From a food safety aspect, transporting and storing certain foods, such as pasteurized milk, is utilized as a barrier to pathogen growth. This means that a disruption in the cold supply chain can potentially lead to foodborne illness. The aim of this paper was to evaluate the effect of heatwaves on the cold supply chain of pasteurized milk, both in terms of temperature disruption and pathogen proliferation by utilizing mathematical modelling. Two distinct regions of Europe were selected (Greece and Belgium), and according to the results, for the heatwave scenario the cold supply chain was disrupted in both regions. This means that heatwaves should be a concerning issue not only for the warmer European south, but also for the central European regions. Even though the difference in the final population of the simulated pathogen, i.e., Listeria monocytogenes, between the heatwave and the scenario without disruption was low, the applied framework can be used in the context of food safety for other products with longer shelf life, where the corresponding difference will be higher due to the exponential growth of pathogenic bacteria. Taking into account the position of the cargo as well as incorporating the spatial aspect for the milk model would increase the accuracy of the results. Furthermore, in this study the possibility of cold chain disruption at the stage of the retailer, which would highlight the difference between the ideal non-disrupted cold chain and reality, was not considered. Overall, this research shows the need to adapt the operation conditions for the cold supply chain in light of the effect of climate change.
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