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ABSTRACT  

Food transport and storage in an insulated box equipped with Phase Change Material (PCM) is common for 
last mile delivery; however, it was addressed as a weak link with high average temperature and high 
temperature heterogeneity. This experimental study investigated the effect of PCM position (at the lid and 
at a side wall) and the spacing underneath the load on the temperature profiles inside the box. PCM (water-
based), air, surface and core temperatures of the load (test product made of methylcellulose) at different 
positions were measured every 30 seconds from loading until PCM totally melted. PCM position is a 
determining factor on the coldest and warmest position while the underneath space decreased the 
difference between the maximum and minimum core temperature. In spite that the average temperature 
was not affected by these factors, the presence of space below the load is essential for temperature 
homogeneity. 

Keywords: Food, Transport, Storage, Phase Change Material, Optimization 

1. INTRODUCTION  

Insulated boxes equipped with Phase Change Material (PCM) allow to preserve temperature sensitive 
products during transportation and storage. Despite its simple implementation and low cost, maintaining of 
recommended temperature is a challenge since temperature abuse was often observed in practice (Laguerre 
et al., 2013; Mercier et al., 2017). Thus, optimization of box configuration is necessary to reduce food waste. 

PCM position is a factor affecting temperature profile inside the box. Du et al. (2020) investigated the effect 
of PCM position in an empty box and recommended to put PCM on top and at 4 side walls. If the PCM position 
is inappropriate, the temperature difference between the minimum and the maximum values may be higher 
than that without PCM although the average temperature is lower in the case with PCM (Navaranjan et al., 
2013).  

The presence of air space (allowed by a perforated support) beneath the load is recommended to reduce the 
temperature heterogeneity thanks to better convective heat transfer (Hundy et al., 2008). This practice is 
often used for the transport and storage in cold equipment with active cooling unit. For food transport in an 
insulated box, the users tend to fill the load as much as possible with small air space inside to achieve 
profitability under the small volume constraint (East & Smale, 2008). For the sake of food quality, 
determination of the effect of spacing beneath the load would be useful to develop stakeholder guideline for 
food transportation in an insulated box with PCM. According to authors’ knowledge, there is no study on the 
effect of air space beneath the load in a system without active cooling unit where only free convection occurs.  

The objective of this work is to find out the effect of PCM position and the spacing beneath the load on 
temperature profile of an insulated box loaded with products. The optimal configuration concerning these 
two factors is proposed. The results of this thermal study are complementary to the ones of airflow pattern 
inside the box (results not shown here). A better knowledge of coupled heat transfer and airflow in an 
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insulated boxes can allow to propose technical solutions to maintain an appropriated product temperature 
along the logistic chain. 

2. MAIN SECTION  

2.1. Materials and methods 

2.1.1. Insulated box, PCM and load 

The studied box was multilayer insulated (Manutan SA, Gonesse, France) with 510 mm x 310 mm x 300 mm 
internal dimension and 580 mm x 380 mm x 380 mm external dimension (Fig 1a). The side and bottom walls 
are composed of expanded polystyrene (25 mm thickness), polypropylene (inner and outer layers of 3.5 mm 
thickness) and air gap between expanded polystyrene and inner layer (5 mm thickness). The box was placed 
over a wood supports of 50 mm height to assure an even heat exchange between the ambient air and all 
box’s walls (Fig. 1b). This box is on a table (0.7 m height) located at the centre of the test room of 3.4 m x 3.4 
m x 2.5 m in which the ambient temperature was controlled at 20°C. Four kg of tap water (melting point ~ 
0°C) was filled in PCM slab with 480 mm x 281 mm x 35 mm external dimension (walls in polypropylene of 
2.5 mm thickness). The test product (16 packs, dimension of a pack 200 mm x 100 mm x 50 mm) were 
arranged in the box (Fig 1c - front view, Fig 1d - side view and Fig 1e – top view), the composition of the test 
product is 23% methylhydroxyethylcellulose, 76.4% water and 0.5% NaCl (Refrigeration Development and 
Testing Ltd., North Somerset, UK). With this configuration and due to a simple heat balance, the box would 
be able to keep the test product temperature below 8°C for about 28 hours. The load was placed on a 
perforated support to create spacing beneath. This support was made of galvanized steel with the cross 
section of 350 mm x 150 mm and the height of 20 mm.  

 

(a) 

 

(b) 
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(e) 

Figure 1: (a) Studied insulated box, (b) experimental set up, (c) test product’s arrangement and thermocouple 
position at front view (XZ plane at Y = 165 mm) (d) test product’s arrangement and thermocouple position at side 

view (YZ plane at X = 255 mm) and (e) test product’s arrangement and thermocouple position at top view (the 
illustrated arrangement was in the case when PCM was at the lid, the similar configuration was applied for the case 
when PCM was at the side wall with the equal gap between load and PCM and the gap between load and opposite 

inner wall) 
 

2.1.2. Instrumentation 

Temperature was measured by T-type thermocouples linked to Agilent 34972A data acquisition unit (Agilent 
Technologies, CA, USA). These thermocouples were previously calibrated at -10°C, 0°C, 10°C, 20°C, 30°C and 
40°C with the precision varying from 0.19°C to 0.35°C. Three thermocouples were inserted at the half-
thickness of the PCM slab at 3 positions (Fig. 1c). 46 thermocouples were placed inside the box (Fig. 1c to 1e) 
allowing the measurement of wall, air, product surface and core temperatures. The test products were 
labelled in number as in Fig. 1c and 1d for interpretation. 

2.1.3. Experimental protocol 

PCM slab was placed horizontally in a freezer set at -2°C for at least 48 h before each experiment. In spite of 
precaution to place PCM slab horizontally in the freezer, PCM thickness varied between 35 mm and 40 mm 
after completely frozen. Sixteen packs of test product were placed in a polystyrene box before keeping in a 
domestic refrigerator set at 4°C for at least 24 h prior to each experiment allowing homogenous temperature 
of the packs despite the “on” and “off” compressor working cycle. The test products and the PCM were placed 
inside the box rapidly (less than 10 min of manipulation) before closing by the lid, in such a way, the 
temperatures perturbation was limited during the manipulation. 
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2.1.4. Experimental conditions 

Four experiments were carried out to study the effect of PCM position and the spacing beneath the load as 
summarized in Table 1. 

Table 1: Experimental conditions 

Exp No. PCM position Space beneath the load (cm) 
1 Lid 0 
2 Side wall 0 
3 Lid 2 
4 Side wall 2 

 

2.2. Results and discussions 

2.2.1. Temperature evolution in experiment 1 (PCM at lid, without space beneath the load)  

Fig. 2 presents the evolution of some temperatures in the insulated box equipped with PCM in experiment 
1: PCM half-thickness, PCM surface, internal wall and air around the test product no.13, surface and core 
temperatures of this product. This evolution can be divided into 3 periods according to the state of PCM: 
period I (0 min to 100 min) where frozen PCM temperature increased from -2°C to its melting temperature 
of 0°C and wall temperature decreased from 20°C to around 9°C, period II (100 min to 840 min) where PCM 
was melting, and its temperature was constant and period III (after 840 min) where PCM was completely 
melted, and its temperature increased continuously. 

During the period I, PCM temperature increased whereas air temperature decreased due to the heat 
exchange between them. During setup manipulation (ambient temperature around 20°C), the product 
surface temperature increased up to around 10°C. Once the box was closed (t = 0), the product surface 
temperatures and the inner wall temperature decreased because the adjacent air became colder.   

During the period II, PCM was melting. PCM temperature remained constant in the range between -0.2°C 
and -0.1°C corresponding to the range of melting point of tap water (Cengel & Ghajar, 2014). During this 
period, especially before 600 min, all the temperatures remained almost constant, except the product core 
temperature.  

The temperature at internal wall of the box was the highest as there was heat flux from outside. Internal air 
temperature was about 3°C lower than that at internal wall and about 2°C higher than that at the product 
surface. This small difference leads to suppose that air flows by natural convection with very low velocity. 
Comparing internal air temperature beside test product (TC2) and above test product (TC6), air above test 
product had lower temperature because of the heat exchange with PCM surface. Surface product 
temperature was also lower above the product compared to side location, this can be explained by the 
convection with surrounding air and by radiation, respectively with cold PCM surface and warmer lateral 
inner wall. 

The product core temperature was initially near 4°C (it did not vary during setup manipulation) and increased 
continuously up to around 5°C during periods I and II. This is because it was initially lower than the equilibrium 
one. The equilibrium temperature is the one which would reach (at a given position) after a long time with 
the assumption that PCM remains everywhere at its melting temperature (-0.1°C in this experiment). 
Between 400 and 600 min, the product core temperature variation was low (<0.3°C), and all the air and 
surface temperature were stable. Therefore, we could estimate steady state was almost reached. After 600 
min, the air temperature slightly increased, thus it suggested that some part of the PCM was higher than 0°C 
and turned into water. 

According to the data analysis, temperatures between 400 min and 600 min were considered suitable for 
further interpretation under “quasi” steady state as the standard deviation of temperature measured during 
this period was below ±0.3°C (ATP, 2020). Our results are in agreement with the ones of Ge et al. (2014) for 
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an insulated box which reported different temperature profiles (wall, air, product surface and core) and 
mentioned that the core temperature of test product was the lowest. 

During period III, PCM was completely melted. Its temperature sharply increased because the liquid PCM was 
heated from the external ambience (Cengel & Ghajar, 2014). Consequently, all temperatures (wall, air and 
product) increase more significantly than that during period II. 

  
Figure 2: Temperature evolution of Exp No.1 around test product no.13 

 

2.2.2. Effect of PCM position 

Fig 3a to Fig 3d show the temperatures of PCM, internal air and core of test product at different positions 
during quasi steady state (average value calculated between 400 min and 600 min). Table 3 summarizes the 
core product temperatures at quasi steady state:  mean value, standard deviation, maximum and minimum 
values for the 14 test product blocks.  

When PCM was at the lid of the box (Fig 3a and 3b), the lowest air temperature of 4.4°C was located at the 
top (between PCM and product) and the warmest air of 7.6°C was located between the product top layer 
and the side wall. It leads to suppose that after exchanging the heat at PCM surface, the coldest air (high 
density) flew downward to the bottom. After being heated by warm box wall, air temperature increased (low 
density) and flew upward to reach PCM surface again. The same airflow pattern was observed in a static 
domestic refrigerator without fan by Laguerre et al. 2008. There is a difference in air temperature between 
left and the right sides. This could be explained by a slight difference in wall thickness (perhaps less insulation 
at right side), or a small dissymmetry in load and/or thermocouples placement. These observations are in 
agreement with the ones predicted by Rincón-Casado et al. (2017).  These authors studied a 2-dimensional 
rectangular empty cavity with cold plate at the top and warm plate at the bottom (adiabatic side walls). They 
reported that the coldest area was in the center area below the cold plate while the warmest area was around 
the side wall.  

The product at the center of top layer had the lowest temperature and the one at the corner of bottom layer 
was the warmest. Even near the warmest air of 7.6°C, the product temperature was relatively low: 5.3 °C   
notably because of the conduction with the other the product blocs (East & Smale, 2008). The dissymmetry 
of air temperature also led to a slight dissymmetry in product temperature. The positions of the coolest and 
warmest product temperature are in agreement with the ones reported by Margeirsson et al. (2011) and 
Margeirsson et al. (2012). These authors placed ice at the top of a box filled with fish and indicated that the 
coldest area was at the center of the top level while the warmest area was at the corner of the bottom level. 

When PCM was at a side wall of the box (Fig 3c and 3d), the coldest air of 1.2°C was at the bottom of the box 
close to PCM surface and the warmest air of 8.9°C was at the top of the box. It can be explained by the fact 
that when the air exchanged heat with PCM surface, its temperature decreased while its density increased, 
thus, it flew downward, then it flew around the load toward the other lateral walls which were not covered 
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by PCM, and it gained heat from these box’s wall and flew upward until reaching the top. For 2-dimensional 
rectangular empty cavity with a vertical cold wall opposite to a vertical warm wall (adiabatic top and bottom 
walls), Rincón-Casado et al. (2017) stated that the coldest area was at the bottom close to the cold plate 
while the warmest area was around the top close to the warm plate. These observations are in agreement 
with the ones of our study. 

The coldest test product (3.7°C) was close to the coldest air (1.2°C) but at the second layer from the bottom. 
Indeed, the product at the bottom (4.4°C) received heat from the external ambiance through the bottom box 
wall (Laguerre et al., 2018). The test product with the highest core temperature of 6.7°C was at the top of 
the box close to the warm air of 8.5°C. 

Front view Side view 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3: Temperature profile (in °C) at quasi steady state (400 min – 600 min) (a) Exp no.1 – front view, (b) Exp no.1 
– side view, (c) Exp no.2 – front view and (d) Exp no.2 – side view (The coldest test product was filled with blue color 

while the warmest one was filled with orange color) 
 

The effect of PCM position clearly affected the temperature profile and the coldest and warmest position in 
spite that the average temperature at quasi steady state was almost the same (Table 2). The difference in 
temperature profile is due to the difference in airflow pattern with PCM at the lid and at the side. 

 
Table 2: Temperature profile at quasi steady state (400 min – 600 min) of each experiment 

Exp 
No. 

PCM position / space 
beneath load 

Temperature at quasi 
steady state in °C 

(Mean ± SD) 

Maximum 
temperature (°C) 

Minimum 
temperature (°C) 

1 Lid / no space 5.7 ± 1.1 7.5 4.1 
2 Side wall / no space 5.3 ± 0.9 6.7 3.7 
3 Lid / 2 cm space 5.6 ± 0.6 6.5 4.5 
4 Side wall / 2 cm space 5.4 ± 0.9 6.8 4.1 

 

2.2.3. Effect of air space underneath the load 

From Table 3, the presence of air space underneath the load had neither influence on average temperature 
of test products nor the coldest and the warmest position (results not shown). However, the product 
temperature is more homogeneous in the case of air space (lower difference between maximum and 
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minimum core temperature). This is because of better convective heat transfer as the air can flow from one 
side wall to the opposite side. 

2.2.4. Optimal condition for transportation in an insulated box 

From previous sections, it can be seen that the PCM position affected the temperature profile and the space 
below the load impacted the difference between the lowest and the highest core temperature. However, 
none of these factors changed the average temperature at quasi steady state.  

During food transportation and storage, average temperature of products is main consideration since it 
influences the quality and shelf-life of the products (Mercier et al., 2017). Another essential criterion is the 
temperature homogeneity because it is necessary to ensure that products in different position have the same 
quality (Laguerre et al., 2013). As a result, the space underneath the load is important to insure homogeneous 
temperature. In addition, it can be interesting to know the location of the coldest and warmest area if the 
load is constituted by sensitive products. 

3. CONCLUSIONS  

This experiment investigated the effect of PCM position and spacing below the load on temperature profile 
in an insulated box equipped with PCM. While PCM was melting, its temperature, internal air temperature 
and test product’s surface temperature remained constant, but core temperature slowly increased in this 
period. 

PCM position did not clearly impact average product temperature, but it influenced the coldest and warmest 
position inside the box. Adding the spacing beneath the load decreased the different between the highest 
and the lowest core temperature. To optimize the transportation and storage in an insulated box equipped 
with PCM, adding the gap below the load is important to achieve consistent product’s quality throughout the 
box. Gap thickness should be optimized in term of product quality gain and reduction of useful volume. This 
optimization can be reached by numerical model. 

Further experimental and modelling works on air velocity field would be complementary allowing better 
understanding of the heat transfer phenomena. 
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