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Abstract 14 

Refrigerated transport has been of interest to the scientific and industrial community for 15 

centuries. So far, temperature fluctuations during loading/unloading have been a major 16 

challenge. It is therefore essential to develop solutions to ensure the quality and safety of 17 

transported foodstuffs against temperature fluctuations as well as to reduce energy 18 

consumption and the environmental impact of commercial refrigerated trucks. The aim of the 19 

current work is to evaluate the aerothermal behavior of a refrigerated truck in two 20 

configurations (door open/closed) using different phase change materials throughout its 21 

operating cycle (charge and discharge). The results obtained show that the integration of a 22 

PCM in our system can significantly reduce the cooling capacity required when the truck door 23 

is opened and lead to significant energy savings by reducing greenhouse gas emissions. 24 
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Nomenclature 

List of symbols Acronyms 

h convection coefficient (W m-2 K-1)  CFD computational fluid dynamic 

Q energy (J) FR filled ratio 

g gravitational acceleration (m s-2) GHG greenhouse gas 

K heat transfer coefficient (W m-2 K-1) MP melting point 

Lf latent heat of fusion (kJ kg-1) PCM phase change material 

Cp specific heat capacity (J kg-1 K-1) RANS reynolds averaged navier stokes 

T temperature (K) RMSE root mean square error 

t time (s) SST shear stress transport 

I turbulence intensity (%)   

k turbulent kinetic energy (m2 s-2)   

u velocity (m/s)   

v volume (m3)   

Subscripts   

c curtain   

f fluid  

g goods   

l liquid   

s solid   

r recovery   

w wall   

Greek Letters   

η  efficiency (%)   

ρ density (kg m-3)   

μ dynamic viscosity (Pa s)   

λ heat conductivity (W m-1 K-1)   

μ� turbulent viscosity (Pa s)   

ε turbulence dissipation rate (m2 s-3)   

σ shear stress (kg m-1 s-2)   

ω specific turbulence dissipation rate (s-1)   



3 
 

 31 

1. Introduction  32 

Nowadays, as the world's population and economy steadily increasing, large amounts of 33 

energy are consumed due to refrigeration equipment, leading to a wide variety of severe 34 

energy and environmental impacts [1]. Moreover, this chain represents 30% of total world 35 

energy consumption [2], and about 1% of global GHG emissions [3]. However, in most 36 

instances where climate and energy policies are established, their major purpose is to reduce 37 

dependence on fossil fuels and to meet the socio-economic needs of the population [4,5]. 38 

Furthermore, refrigerated transport has interested the scientific and industrial community for 39 

centuries. Despite, the development of the cold chain does not meet all the requirements of the 40 

standards applied in this sector.  41 

Besides, refrigerated transport and storage of perishable foodstuffs will be more and more 42 

required in the coming years [6]. Also, in the case of trucks, obtaining a constant air 43 

temperature inside the trailer is more of a challenge than in buildings due to vehicle 44 

movement [7]. Therefore, it is fundamental to contribute in cutting edge innovations for 45 

refrigerated commercial trucks, to ensure the quality and the security of  the products against 46 

the temperature variations and to reduce the energy consumption and the environmental 47 

impact during transport [8,9].  48 

In this respect, scientists and engineers have been motivated to integrate thermal energy 49 

storage (TES) based on phase change materials (PCM) in different sectors to enhance and to 50 

improve the cold production system [10], including building cooling [11–14], solar absorption 51 

refrigeration [15,16], industrial cooling [17–20] and cold storage applications [21–24]. 52 

Whereas the incorporation of a cold storage unit to conventional refrigeration systems could 53 

reduce their cooling energy consumption by up to 50% [25]. 54 

Worldwide, an extensive effort has been made by various researchers on cold storage in 55 

refrigerated trucks  [26–33]. Tan et al. [30] shows the influence of heat transfer with 56 

liquid/solid phase change in a truck using liquefied natural gas. The water as a PCM loaded 57 

into the cold storage unit was solidified by the cryogenic natural gas. It was found that this 58 

novel system significantly improves the internal thermal efficiency and phase change 59 

performance. Ahmed et al. [31] discussed a new conventional method of reducing heat loss 60 

for a refrigerated trailer. A decrease in heat transfer rate and total heat flux of 29.1% and 61 

16.3%, respectively, was achieved when the different walls were incorporated with organic 62 
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PCMs. Consequently, these results contribute to a greater understanding of the importance of 63 

these materials in reducing pollutant gases and extending the life of the cooling system. 64 

Another design of the refrigerated truck incorporating PCM (melting point of -26.7 °C) was 65 

developed by Liu et al. [27] to maintain the required aerothermal conditions. The cooling 66 

system charges the storage unit, during transport it provides internal cooling. The proposed 67 

prototype shows energy savings of up to 86.4% and reduces GHG emissions compared to the 68 

conventional system. Xia et al. [32] evaluated an insulated polystyrene container equipped 69 

with PCM (MP=-0.5 °C) to predict product temperature. The predictive model can be applied 70 

in the industrial sector. Another study by Tinti et al. [34] on the application of PCM in 71 

refrigerated transport, they studied the insulation of walls by integrating PCMs in 72 

polyurethane foams. They concluded that a higher content of PCM in the foam results in 73 

lower heat transfer in the hybrid insulation. Mousazade et al. [35] studied experimentally the 74 

thermal performance of  refrigerated truck by applying three types of PCMs in his cold 75 

panels, they studied the effects of truck speed on the overall heat transfer coefficient and on 76 

the temperature variations inside the box of the RT. Fioretti et al. [36] investigated the use of 77 

PCMs in a refrigerator envelope via an experimental and theoretical study. By their developed 78 

model, they estimated a reduction of 4.7% in the total energy required of the system. 79 

For delivery trucks, the uniformity and the temperature variation during loading/unloading 80 

represent major challenges. For this reason, the use of the phase change materials (PCMs) in 81 

refrigerated trucks is a promising solution, as it guarantees product quality and protects the 82 

cold chain. As a result, energy costs and environmental impact are reduced, improving energy 83 

efficiency in the transport sectors. To the author's knowledge, the incorporation of a roof-84 

mounted tube bundle thermal energy storage unit of a refrigerated truck is an innovative 85 

design. Namely, that the cooling system charges these rods, when the door is open the PCMs 86 

provides the cold energy during its discharge. Following the validation of numerical model 87 

with experimental results from the literature, the impetus for the current research is based on 88 

the evaluation of aerothermal behavior using different PCMs, while increasing the thermal 89 

mass of cooling system without significantly influencing the truck volume. Hence, this paper 90 

aims at evaluating two configurations (opening/closing door) of conjugate and phase change 91 

heat transfer by identifying the best PCMs during its complete cycle (charge and discharge). 92 

Also, to evaluate the feasibility of the proposed concept for a temperature-controlled transport 93 

in the range of 0~12 °C. To this end, the energy savings and potential CO2 reductions were 94 

investigated for different scenarios in Europe. This paper is structured as follows. Section 2 95 
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describes the system and the physical model. Section 3 provides the model validation. Section 96 

4 discusses the results. The last section deals with the study's conclusion. 97 

2. System description and methodology 98 

This work deals with two configurations of a refrigerated truck, one with a closed-door 99 

already studied experimentally [Fig. 1], and the other design with an open door was then 100 

investigated. Both designs have the same geometry and their internal dimensions were ~ 1.6 101 

m wide, ~ 1.7 m long and ~ 3 m deep [Fig. 2]. A polyurethane foam insulation is 102 

implemented in the walls, its thickness is 0.1 m for the floor and 0.07 m for the remaining 103 

walls. The thermal properties of the polyurethane are determined at 50 (kg m-3), 1470 (J kg-1 104 

K-1), and 0.022 (W m-1 K-1) for density, specific heat capacity, and thermal conductivity, 105 

respectively [37]. 106 

 107 

Fig.1 Real delivery refrigerated truck [38] 108 
 109 

 110 
 111 
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Fig.2 3D-CFD models of empty truck geometry 112 

To minimize air temperature fluctuations during the loading or unloading period, some 113 

parallelepiped rods confining a PCM have been installed and fixed on the ceiling of the 114 

refrigeration compartment [Fig. 3].  As aluminum provides lighter structures while 115 

maintaining a high thermal conductivity to intensify the charge-discharge process of the 116 

contained PCM. For this reason, it is assumed that the baffle-type panels are constructed of 117 

aluminum, with a thin thickness of 2 mm. Besides, a space was also maintained between the 118 

rods to permit air circulation and to improve the contact between the cold air and the PCM. 119 

 120 

Fig.3 3D truck geometry model with PCMs incorporated. 121 

Obviously, the main requirement for PCMs selection were a suitable melting temperature 122 

range with the cooling system and a specific heat capacity above 150 kJ/kg [39]. Moreover, 123 

Table 1 lists the principal thermophysical properties of different PCMs that were examined. 124 

The objective of this study is to store the cold in the PCM during the charging process and 125 

recuperate it during the discharging phase to mitigate the impact of opening the doors.  126 

Table 1 Thermo-physical characteristics of PCMs [40] 127 

Characteristics Units RT3 HC1 RT5 RT8 HC 

Density liquid ρl kg m-3 770 770 770 

Density solid ρs kg m-3 880 880 880 

Phase change temperature Tf °C 3 5 8 

Transition interval temperature ∆	 
 ↔ � °C 2 2 2 

Flash point °C 110 113 120 

Latent heat of fusion Lf kJ kg-1 190 180 190 
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Heat conductivity (both phases) λs_l W m-1 K-1 0.2 0.2 0.2 

Specific heat capacity Cp J kg-1 K-1 2000 2000 2000 

3. Mathematical modelling 128 

3.1. Model assumptions 129 

To simplify our study and to establish the energy balances in our system, the following 130 

assumptions are used: 131 

• The air is Newtonian and incompressible. 132 

• The air flow is turbulent and viscous 133 

• The thermophysical properties of air are temperature dependent. 134 

• The Boussinesq approximation and the gravity effect are considered. 135 

• The PCM exhibit an isotropic and homogeneous structure. 136 

• The phase change process (melting/crystallization) occurs over a small range of 137 

temperature.  138 

• The heat transfer across the PCM packaging thickness is neglected. 139 

• The natural convection effect during the phase change process is neglected. 140 

 141 

3.2. Governing equations  142 

In this work, two types of operation have been analyzed for the truck, the first one consists 143 

essentially in a forced turbulent refrigeration process provided by the refrigeration unit, while 144 

for the second one, a natural convection takes place when the doors of the truck are open. 145 

3.2.1. For air inside the closed-door truck 146 

To describe the air-flow and heat transfer in the refrigerated chamber, Eqs. (1) - (4) are used. 147 

In addition, to evaluate the aerothermal performance inside the refrigerated truck during the 148 

closed-door operation, three turbulence models are tested and compared: standard k-ω SST 149 

Eq. (5) and (6) [41], standard k-ω Eq. (7) and (8) [42] and k-ε  Eq. (9) and (10)  [43]. 150 


��
� + �. ������ = 0 (1) 

�� 
��
� + ����� . ���� = �. [−�� + �] − 23 ("� + "#)(�. ��)� − 23 ��%� + ��� − ��,'�() (2) 

� = ("� + "#)(��� + (���)#*) (3) 
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where +� , �� , �� , "� are the temperature, velocity, density, viscosity of air, respectively, % is 151 

the turbulent kinetic, "# is the turbulent viscosity "# = � %/-, - is the turbulent dissipation 152 

rate, . is the turbulent kinetic energy rate, � is the turbulence intensity, and /', /'∗, 12, 153 

13 , 42, 56 are the adjustable  turbulence parameters for the different models. 154 

3.2.2. For air inside the opened-door truck 155 

Further, the cooling unit turned off when the door was opened. The difference in air 156 

temperature (between outside and inside) induces a natural convection in the chamber. The 157 

airflow and heat transfer inside the truck in this case are governed by the following equations 158 

Eqs. (11) - (14). 159 

�� 
��
� + ����� . ���� = �. 7−�� + �89: + ��� − ��,'�() (11) 


��
� + �. ������ = 0 (12) 

��59,� 
+�
� + �.  (��59,���+� − %�;)+�) =  0 (4) 

∗  k − ω SST model 
�� 
%
� + ����� . ��% = �. 7�"� + "#12∗��%: + 42 − ��/'∗%- 

 

(5) 

�� 
-
� + ����� . ��-
= �. 7�"� + "#13��-: + D"# ��4EE# − ��/'-F + 2(1 − HIJ) 13F��- �%. �- 

(6) 

∗  k − ω model 
�� 
%
� + ����� . ��% = �. 7�"� + "#12∗��%: + 42 − ��/'∗%- 

 

(7) 

�� 
-
� + ����� . ��- = �. 7�"� + "#13��-: + K -% 42 − ��/'-² (8) 

∗ Standard k − ε model 
�� 
%
� + ����� . ��% = �. QR"� + "#12S �%T + 42 − �. 

 

(9) 

�� 
.
� + ����� . ��. = �. QR"� + "#16 S �.T + 56J .% 42 − 56F�� .²%  (10) 
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�89 = "� U��� + �����#*V − 23 "�(�. ��)� (13) 

��59,� 
+�
� + �.  (��59,���+� − %�;)+�) =  0 (14) 

 160 

3.2.3. For the chamber walls 161 

The heat transfer in all walls is described by Eq. (15): 162 

where +W, �W , 59,W, XW are the temperature, density, specific heat, and conductivity of the 163 

wall.  164 

 165 

3.2.4. For PCMs 166 

To describe the heat transfer inside the PCM, the enthalpy method has been applied which is 167 

based on the following Eqs. (16) - (20) [44,45]. 168 

Therefore, the specific enthalpy (H) is defined by the sum of both sensible and the latent heat. 169 

Equation 20 is used to evaluate the liquid fraction (f) at each cell: 170 

H =
YZ[
Z\ 1 , if T_`a > Tc

0 , if T_`a < TeT_`a − TeTc − Te   , if Tc < T_`a < Te 
 (20) 

where TL is the liquidus temperature, TS is the solidus temperature, +9fg, �9fg, X9fg, 59,9fg 171 

the temperature, density, heat capacity, and the conductivity of the PCM, respectively, and L 172 

is the latent heat of the PCM. 173 

 174 

�W59,W 
+W
� + �.  (XW�;)+W) =  0 (15) 


(�9fgh)
� = ∇. �X9fg∇+9fg� (16) 

h = ℎ + kh (17) 

ℎ = ℎlm� + n 59,9fgo+
#

#pq*
 (18) 

kh = Hr (19) 
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 175 

 176 

 177 

3.2.5. Energy efficiency 178 

The recovery energy (sl) and the energy efficiency (η) with PCMs were determined based on 179 

the approaches Eq. (21) and (22), respectively. 180 

sl = n ��59,��+� − +'� ot�I*
 (21) 

η = 1 − slsl' (22) 

where sl' the recovery energy through the open door, without incorporating PCM.  181 

3.3. Initial and boundary Conditions 182 

The previous equations are initiated by the following conditions: 183 

- The ventilation conditions of cooling unit with the door closed case (forced convection) 184 

were defined by a mean inlet velocity of U0y=U0=3 m/s. 185 

- The temperature employed to blow air into the truck (inlet condition) was considered as 186 

a correlation fitted from the experimental data Eq. (23) [38]. 187 

+�(�) =  11.95 wx� (−0.001058 �)  + 11.58 wx� (0.01036 �) (23) 

- The convection coefficient through the external face of walls was assumed to be:  188 

he=3.41 W m-2 K-1 189 

- When the cooling unit switched off, the heat transfer applied in the opened door case 190 

(natural convection) is governed by the following equation Eq. (24): 191 

  +� = +m{| if   �� < 0 (Text: External temperature) 
−XH�+� = 0 if   �� ≥ 0 (Zero heat flux condition) 

(24) 

In this paper, the numerical model was implemented in COMSOL Multiphysics to simulate 192 

the fluid dynamics and the conjugate heat transfer inside the refrigerated truck. 193 

A sensitivity study on the effect of the mesh density on the obtained results was performed 194 

[see Fig.4]. A mesh size of ≃150713 and ≃158033 with triangular elements was selected 195 

for opened and closed truck’s door geometry [Fig.5 (a) (b)], which gives satisfactory results 196 

for both configurations. The time interval 10-3s is chosen as it provides an accurate result.  197 
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 198 
Fig.4. Mesh independence test for closed door truck geometry 199 

(a) (b) 

Fig. 5 Mesh defined in the geometry of (a) closed (b) open door truck geometry 200 

4. Result and analysis 201 

4.1. Model validation 202 

The first part of this study aims to validate the aerothermal behavior with different models of 203 

URANS unsteady turbulence (standard κ-ω, SST κ-ω, standard κ-ε). During this phase, the air 204 

temperature inside the closed door refrigerated truck decreases due to the cooling system. 205 

Once the air temperature reaches the programmed set value, the cooling system is turned off. 206 

Comparisons were made between experimental temperature from literature [38] and the 207 

present numerical study at different locations (Inlet, Outlet, Gate and Floor) of the refrigerated 208 

compartment [Fig. 6]. The experimental data were collected by DS18B20 temperature sensors 209 

with an accuracy up to ± 0.5° C. These sensors were installed at different locations in a 210 
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refrigerated compartment (four sensors for each selected location [Fig. 2]). Further, a 211 

LUTRON digital anemometer was used to measure the mid-flow velocity through the 212 

evaporator. 213 

Comparing the measured and simulated values of the air temperatures inside the truck, it is 214 

clearly that the numerical results show comparable values to data based on experimental 215 

measurements [Fig. 7]. Therefore, the results of this study clearly demonstrate the ability of 216 

URANS turbulence models to accurately predict experimental results. As well, to enhance the 217 

validity of this work, the root mean square error (RMSE) values for the three turbulent models 218 

were described and compared [Table. 2]. However, since the k-ω SST model combines both 219 

models (k-ω and k-ε) which allows it to accurately assess the areas near and far from the 220 

walls. It is clear that the RMSE values obtained with this model showed better agreement, 221 

justifying the choice of this model in the rest of our work. 222 

 223 

Fig. 6 Refrigerated compartment analysis locations 224 
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 228 
Fig. 7 Temperature values in different zones of the refrigerated truck  229 

Table 2 RMSE values for three simulated models in the different points of analysis 230 

 RMSE k-ω-SST RMSE k-ω RMSE k-ε 
Inlet 0,286 °C 0,299 °C 0,492 °C 

Outlet 0,798 °C 0,804 °C 1,517 °C 
Floor 0,914 °C 1,071 °C 1,586 °C 
Gate 1,222 °C 1,224 °C 1,283 °C 

Global 0,805 °C 0,849 °C  1,219 °C 
 231 

4.2. Closed/open truck performance 232 

Once the model is validated, the energy performance of the closed/open truck through a 233 

suggested scenario in this work. The CFD SST k-omega model was used in the rest of this 234 

work after verifying its ability to accurately describe the aerothermal behavior through the 235 

truck. This scenario is based on several cycles, each entire cooling cycle (cooling system 236 

switch on and off) assuming that the door closing phase has an estimated trip time of 60 min 237 

with an initial truck temperature of 22.5°C [Fig.8]. 238 
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 239 

Fig.8 Proposed truck itinerary during cooling system on/off cycles 240 

To understand the aerothermal behavior of the closed- and open-door truck, the following 241 

[Fig.9] represents the temperature distribution during one cycle at different times of truck 242 

without PCM for both phases. At initial instant, the temperature was about 22°C [Fig.10.a]. 243 

During the cooling period (door closed / truck on the road), the coldest area is located at the 244 

roof, while it increases in the rest of truck. The cooling process continues until the desired 245 

temperature is reached almost uniformly in all areas of the truck [Fig.10.b].  246 

Then during the second scenario, which lasts 15 minutes, the cooling system is stopped and 247 

the door is opened. In this case, the hot air enters the truck and creates a natural convection 248 

phenomenon that leads to an increase of the air temperature in the truck. The hot air flows 249 

upwards and the cold air flows downwards [Fig.10.c].  250 

 251 
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 252 
Fig.9 Evolution of the air temperature inside the truck during cooling system on/off cycle  253 

 254 
Fig.10 Temperature profile patterns during cooling system on/off cycle for various instants.  255 

4.3. Influence of PCM incorporation 256 

Basically, the truck door must remain open during loading or unloading. However, air 257 

infiltration during these periods increases considerably the cooling energy consumption. For 258 

this reason, the use of PCMs in refrigerated trucks could present a promising solution that 259 

allows cold storage during the operation of the cooling system and improves the performance 260 

of the truck, resulting in energy savings.  261 

For this purpose, a baffle-type PCM panels were confined in a roof-mounted unit [Fig.3]. 262 

Three PCMs were chosen (RT3 HC1, RT5 and RT8 HC) according to their melting 263 

temperature (3 °C, 5 °C and 8 °C) and tested during a complete cycle (on and off).  264 

The results of the different tests have been classified into the following scenarios: 265 

1. Cycles in which the PCM is completely melted as an initial phase, the latter is 266 

charged by the refrigeration system during transport. 267 

0 15 30 45 60 75
0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

22.5

 Tair without PCM

Door closing

     phase

    (60mn)

Time (mn)

A
ir

 T
e

m
p

e
ra

tu
re

 (
°C

)

Door opening

      phase

     (15mn)



17 
 

2. Cycles in which the PCM cannot freeze completely due to the cooling system 268 

turning off (frequent door openings). 269 

At first, a detailed analysis was made to evaluate the impact of RT8 HC PCM on the truck's 270 

performance. [Fig.11] presents the median plane of the temperature distribution during one 271 

cycle incorporating RT8 HC PCM. As can be noticed, during the closed-door period, PCM 272 

begins to be charged through the enabled cooling system.  273 

Besides, as can be seen [Fig. 12], due to the latent heat of the PCM, there is small difference 274 

in the truck's internal temperatures during cooling when comparing the results without PCM 275 

for the first cycle. Moreover, the air leakage is significantly reduced compared to the model 276 

without PCM during the open phase. 277 

 278 

Fig.11 Evolution of the air temperature inside the truck with PCM during cooling cycle 279 

 280 

 281 
Fig.12 Evolution of the air temperature inside the truck with PCM during cooling cycle 282 
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To fully understand PCMs' effect, [Fig. 13] shows the average air temperature with and 283 

without PCMs during ten studied cycles (door closures (openings) of 60 min (15 min) in each 284 

cycle), and the PCM temperature distributions at the beginning and end of the process. As 285 

expected, the benefit of the PCM (RT8 HC) inside the truck is evident to maintain and reduce 286 

temperature fluctuations when opening the doors. Moreover, to ensure the safety of perishable 287 

foodstuffs, a maximum temperature of 12 ° C is required in the refrigeration compartment 288 

[46,47].  289 

Once the cooling system is turned on, the average temperature decreases from about 20 to 1°C 290 

and from 20 to 2°C during 60 min for the configuration without and with PCM, respectively. 291 

The effect of PCM integration is negligible within the first cycle, as it has not yet reached its 292 

phase change. When the door is open, the average temperature increases from about 1 to 17°C 293 

and 2 to 11°C during 15 min for the configuration without and with PCM, respectively. 294 

Hence, thermal performance has been significantly improved when incorporating PCM. In the 295 

following cycles, the benefits of PCM are obvious. Thus, the upper-temperature limit is 296 

already exceeded for the reference configuration, and the internal temperature of the container 297 

was maintained in the range of 2-11 ° C using RT8 HC as PCM. However, the results also 298 

show that the addition of the PCM at the highest airflow area leads to faster energy storage at 299 

the beginning of the charging process.  Also, the melting/solidification cycle is mainly driven 300 

by the number of start-ups and shutdowns of the refrigeration system. 301 

 302 

Fig. 13 Average air temperature (a) without and (a) with RT8 HC PCM 303 
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 304 

4.4. Comparison between the incorporation of several PCMs 305 

Furthermore, the performances of different PCMs (RT3 HC1, RT5, RT8 HC) are compared 306 

into the reference case (without PCM) to identify the best configuration that guarantees the 307 

desired temperature range [Fig. 14]. Among the three configurations presented, the 308 

configuration with RT5 has maintained a maximum temperature of ~ 6 °C as soon as the 309 

fourth cycle is reached (~ 4h). This shows that a medium-distance refrigerated transport with 310 

this configuration is preferable and it would be able to maintain perishable products during 311 

this period such as industrial milk, butter, and meat products.  312 

As a result, the use of PCM-RT3 HC1 offers better aerothermal transfer performance to reach 313 

the stabilization temperature inside the truck of ~ 4°C. This configuration would be ideal for 314 

highly perishable foodstuffs with special requirements such as milk (raw or pasteurized) for 315 

consumption, dairy products (kefir, cream, fresh cheese, and yogurt), egg products, and 316 

poultry meats.  317 

 318 

Fig.14 Average air temperature (a) without and (a) with different PCMs 319 

[Fig.15] illustrates the liquid fraction as a function of time (ten cycles) for the three PCMs. In 320 

all three cases, the PCM partially solidifies/melts during its charge/discharge. This is due to 321 
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noted that the liquid fraction values for PCM had the highest melting point (RT8 HC) is 323 

always lower than the other PCMSs (RT5, RT3 HC1). 324 

Moreover, the use of PCM could be an interesting alternative to maintain temperature 325 

fluctuations in refrigerated trucks during periods after turning off the cooling system. Besides, 326 

it is also interesting to note that the thermal mass inside the containers increases without 327 

significantly increasing its volume, which could lead to more stable operation, longer 328 

refrigeration system life, energy savings, and a decrease in GHG gases. 329 

 330 

Fig.15 Variation of liquid fraction for different PCMs 331 
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[Fig. 16] shows the recovery energies for a 15-minute door opening time during the test 333 
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energy. Table 3 shows that their average values are 57.62 kJ for the reference case and 36.94 337 
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 In general, temperatures in the truck with PCMs were lower than the reference truck without 342 

PCM due to the heat storage effect. Therefore, the recovery energy through the compartment 343 

is reduced when using PCM, which promotes the efficiency of incorporating a storage system. 344 

Furthermore, it is also worth noting that the high recovery energy corresponds to cycles with a 345 

partially melted PCM, and hence a lower improvement. For this reason, the energy values are 346 

higher for the concept with RT8 HC compared to other configurations. 347 

 348 

Fig. 16 Recovery energy of internal air without and with PCMs 349 

 350 

Table 3 Total recovery cooling capacity and energy saving without and with PCMs 351 

 Reference RT 8 RT 5 RT 3 

Total recovery cooling 

capacity (kWh) 
154.43 99.74 65.54 60.44 

Total energy saving 

(kWh) 
-- 54.68 88.88 93.98 
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[Fig. 17] illustrates the percentage reduction of cooling energy inside the refrigerated 353 

container using different PCM concepts compared to the conventional truck. Thus, the current 354 

concept using RT3 HC1, RT5, and RT8 HC proves to be capable of reducing the cooling 355 

energy required when opening the door by 61%, 57%, and 35%, respectively. Therefore, this 356 
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conventional refrigeration units. As a result, the cooling system is improved with a specific 358 

cooling temperature, which corresponds to the type of PCM used. 359 

Considering all the PCMs investigated, the results indicate that the most efficient thermal 360 

behavior was obtained using RT3 HC1 paraffin under the operating conditions presented in 361 

this study. This reflects the performance of RT3 HC1, that offers energy savings of up to 61% 362 

compared to the conventional system. 363 

 364 
Fig. 17 Percentage reduction of cooling energy using different PCM concepts 365 
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[48].  The authors considered the emissions factor of the diesel and gasoline medium-duty 371 

truck were 0.254 kg CO2eq / kWh and 0.241 kg CO2eq / kWh, respectively, according to the 372 

emission factor database for Europe [49]. Therefore, [Fig.18] represents the amount of 373 
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Cycle1 Cycle2 Cycle3 Cycle4 Cycle5 Cycle6 Cycle7 Cycle8 Cycle9Cycle10

10

20

30

40

50

60

70

80

P
e
rc

e
n
ta

g
e

 r
e

d
u

c
ti
o
n

 (
%

)

Cycles

 MCP_8C

 MCP_5C

 MCP_3C



23 
 

 378 

Fig. 18 Quantities of reduced GHG emissions 379 

5. Conclusion  380 

Temperature fluctuations during loading/unloading constitute major issues in food 381 

transportation. Therefore, the incorporation of PCMs in refrigerated trucks offers a promising 382 

solution, as it guarantees product quality and preserves perishable goods. For this purpose, a 383 

physical model was carried out to study the energy performance of refrigerated trucks under 384 

two scenarios: with and without PCM. 385 

Besides, the PCM has been incorporated in a module containing several baffle-type panels 386 

placed in the truck's roof. This concept represents an original solution to store the cold during 387 

the truck operation and to release it later. Also, three PCMs (RT3 HC1, RT5 and RT8 HC) are 388 

tested and compared to identify the best one that guarantees the acquired temperature range. It 389 

is found that the use of PCM reduces significantly the cooling energy required when opening 390 

the truck door. Air temperature fluctuations inside the refrigerated trucks during periods after 391 

turning off the cooling system are also reduced by using PCM. Thus, the current concept 392 

using RT3 HC1, RT5, and RT8 HC proves to be capable of reducing the cooling energy 393 

required when opening the door by 61%, 57%, and 35%, respectively. As a result, the 394 

integration of PCM inside the refrigerated truck can lead to an increase in both the 395 

refrigeration system life and the energy savings, and a decrease in GHG gases. 396 

Finally, to address more complex tasks related to improving the refrigerated truck energy 397 

performance, further developments can be considered as perceptive of this study such as:  398 
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• Simulation of combined phenomena during a trip considering the internal 399 

conditions and the surrounding environment that will result in variation of air 400 

temperature and relative humidity inside the truck. 401 

• Evaluation of the thermal loads and the filling effect for certain types of perishable 402 

goods inside the refrigerated truck during the journey, taking into account the 403 

geometric variations of the road. 404 

• Optimization study of the proposed storage system design taking into account the 405 

number of rods containing the PCM, as well as the spacing between these rods. 406 

 407 
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