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ABSTRACT 

Traditionally, Cold TES (CTES) has been used in transport refrigeration in the form of eutectic plates mounted 
inside insulated boxes, especially for last-mile deliveries. Due to their flexibility, these boxes represent a valid 
option to increase the resilience of the cold chain under emergency situations, like floods, landslides, etc that 
are becoming more frequent. 

To increase the overall sustainability of the entire solution, and to guarantee the accessibility to cheap and 
widespread refrigerants, this study presents and numerically evaluates the performance of an efficient 
cooling unit relying on an innovative TES configuration (eutectic tubes) and on natural refrigerant (propane), 
to replace a baseline cooling unit employing a synthetic refrigerant. 

The numerical model is validated against experimental data measured on the baseline unit and demonstrates 
a +12.6% pulldown COP increase of the proposed system compared to baseline under standard test 
conditions. Considerations regarding propane charge are also included. 
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1 INTRODUCTION 

Refrigeration and cold chain systems have become increasingly vital due to their role in food preservation, 
medicine storage, and industrial applications. The growing global demand for cooling, driven by population 
growth, urbanization, and climate change, has underscored the need for efficient and sustainable 
refrigeration technologies. However, this increasing reliance on cooling systems has also led to significant 
environmental concerns, as the sector is responsible for substantial greenhouse gas (GHG) emissions. In fact, 
it has been reported by UNEP and FAO (2022) that the cold chain is responsible for almost 4% of global GHG 
emissions. These emissions arise from both direct refrigerant leaks and indirect emissions related to energy 
consumption of cooling systems. Addressing these challenges is crucial to achieving environmental 
sustainability while ensuring the continued functionality of refrigeration-dependent sectors. 

Within the cold chain, transport refrigeration represents one of its most environmentally impactful steps, 
being responsible for nearly 25% of the total cold chain emissions (IIR, 2021). The post-COVID era has 
witnessed a significant increase in new services related to e-commerce and last-mile delivery of perishable 
goods (Yang et al., 2021). Consequently, there has been a growing interest in the application of thermal 
energy storage (TES) solutions in transport refrigeration. Comprehensive reviews on the state-of-the-art 
utilization of phase change materials (PCMs) for temperature-controlled transport and cold chain distribution 
are available in Calati et al. (2022) and Umate and Sawarkar (2024). These studies attest that eutectic plates 
represent the most mature technology based on TES for transportable appliances. Such systems rely on a 
cooling unit powered by grid electricity to freeze the eutectic plates installed inside the insulated body to be 
transported, to then exploit the stored energy at low temperature providing passive refrigeration inside the 
insulated body during transportation. The refrigeration unit is sometimes integrated in the system while in 
some other designs the plates are connected to a stationary unit and frozen before each delivery mission.  
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The transition from synthetic refrigerants, such as hydrofluorocarbons (HFCs) and hydrofluoroolefins (HFOs), 
to natural refrigerants, including ammonia, carbon dioxide, and hydrocarbons, has become a crucial step to 
be progressively taken to achieve long-term environmental sustainability of refrigeration systems, including 
transportable units intended for last-mile delivery or for non-stationary applications. The design of efficient 
units working with natural refrigerants must consider adaptation to overall increase in ambient temperatures 
and heat waves, which are becoming more and more frequent. 

To address the multiple challenges of short distance delivery, this study focuses on the numerical 
development and performance evaluation of an efficient refrigeration system relying on the simultaneous 
employment of TES (eutectic tubes) and of a natural refrigerant (propane), serving a small insulated box for 
preservation of temperature sensitive goods, to replace a baseline cooling unit employing a synthetic 
refrigerant (R452A), representative of present market solutions.  

This design can be a valuable solution in the cold chain as it allows for a more flexible fleet management, as 
the refrigerated box can be transported by non-specialized trucks, and in conjunction with non-temperature 
sensitive goods or other similar boxes according to the need. Furthermore, it can operate as temporary 
storage, after the transport, under critical situations, even at high ambient temperature, being capable of 
operating off-grid, thanks to TES.  

2 THE REFRIGERATION SYSTEM 

This study focuses on a transportable insulated box equipped with eutectic tubes, acting as thermal energy 
storage, for last mile delivery of frozen food products or for emergency response scenarios. A compact 
refrigeration unit serves the insulated box, both to charge the TES and to decrease the internal air 
temperature to the setpoint before deliveries. 

The insulated box has external dimensions of 1.70 m × 1.00 m × 1.75 m and an internal volume of 1.86 m3, 
and it is shown in Figure 1. Each wall of the box consists of a three-layer structure, comprising a 94 mm 
polyurethane foam core enclosed between two 3 mm glassfiber-reinforced plastic (GRP) layers. To enhance 
structural rigidity, the box is reinforced with wooden and metallic components. The global heat transfer 
coefficient of the insulated box, determined in accordance with Annex 1 of the ATP agreement (United 
Nations, 2024), is K = 0.31 W m−2 K−1. The cooling unit is positioned on the left side of the box roof. 

 

Figure 1. Insulated box and attached cooling unit. 



In current market, eutectic plates represent an established technology and are regarded as the most mature 
TES-based solution in cold chain transport applications (Calati et al., 2022), such as for insulated boxes as the 
one considered for this study. Eutectic plates consist of two cold-formed steel shells containing the 
refrigerant coils immersed in PCM solution and are generally mounted on the internal walls of the insulated 
box, acting as TES for the box during deliveries. The refrigeration unit is normally switched off after freezing 
the plates and the cooling power is provided by PCM melting.  

In this study, eutectic tubes are used in place of standard eutectic plates. Eutectic tubes, which are displayed 
in Figure 2, offer an alternative solution to eutectic plates and present some functional advantages. Firstly, 
in eutectic tubes the refrigerant pipe is external to the aluminium case containing the PCM. This allows to 
have a closed and separate circuit for the refrigerant, without any connection; pipe diameter and thickness 
can be selected to handle potential higher pressures. In addition, the use of an external refrigerant pipe 
allows simultaneous heat transfer with the PCM and with the air inside the insulated box, leading to a quicker 
temperature decrease inside the box during pulldown. Secondly, thanks to their modular design and 
structure, eutectic tubes can be stacked together in case of higher thermal loads. Lastly, the aluminium case 
containing the PCM can be easily opened unscrewing the front plate displayed in Figure 2a, allowing in-house 
PCM filling and potential swaps of the PCM solution according to the temperature levels required for the 
correct preservation and transport of different products. 

In this application, seven eutectic tubes are mounted inside the box on the top wall and connected in series, 
as it can be observed in Figure 2b. Each eutectic tube is 1.2 m long and is charged with 5.16 kg of PCM. The 
PCM, a eutectic solution based on inorganic salts, is characterized by a latent heat of fusion equal to 243 kJ 
kg-1 and the nominal phase change temperature declared by the manufacturer is equal to -33.5 °C (Diversey, 
2019). Therefore, the maximum energy that can be stored by the seven eutectic tubes is 8.8 MJ. 

  
(a) (b) 

Figure 2. Eutectic tubes: (a) front view detail; (b) complete tubes setup inside the insulated box. 

During the pulldown, the eutectic tubes are frozen by the refrigeration unit, powered by grid electricity. 
When the pulldown process starts, the PCM stored inside the tubes is cooled down and eventually solidifies 
at the selected temperature level. This step corresponds to the PCM “charging” phase, i.e. storage of energy. 
At the end of the pulldown, the cooling unit is turned off and the insulated box is loaded with the goods to 
be transported. During delivery missions, the insulated box is transported by the vehicle and the required 
temperature for preservation is maintained as the heat infiltrating the box is absorbed in the eutectic plates, 
where the PCM progressively melts at fixed temperature level, granting a passive refrigeration effect inside 
the insulated box without turning on the cooling unit. This phase corresponds to the “discharging” phase of 
the PCM. Compared to a traditional vapour compression cooling unit, the eutectic tubes solution can provide 
benefits in terms of noise, local pollution, efficiency and emissions linked to primary energy consumption. 

The baseline cooling unit currently employed consists of a direct expansion vapor compression unit, whose 
simplified schematic is presented in Figure 3, working with synthetic refrigerant R452A. The eutectic tubes 
correspond to the evaporator of the cooling unit. The unit operates with fixed compressor speed. A 



thermostatic expansion valve controls the refrigerant evaporation pressure to achieve a fixed superheat (5 
K) at the evaporator exit. 

To increase the overall sustainability for this application, the replacement of the synthetic refrigerant R452A 
with the natural refrigerant R290 (propane) is considered in this study. Since R290 is a highly flammable 
refrigerant (safety class A3), charge reduction represents the major challenge for its applicability. For this 
reason, while maintain the overall schematic of Figure 3, the liquid receiver is removed from the R290 unit. 
The refrigerant circuit is therefore critically charged, as it will be further discussed in the Section 4. Also in 
this case, the unit operates with fixed speed compressor, and a thermostatic expansion valve enforces a 5 K 
superheat at the evaporator exit. 

 

Figure 3. Refrigeration system simplified schematic. 

3 NUMERICAL MODEL 

The refrigeration system is dynamically modelled using the commercial multi-physics software Simcenter 
Amesim (Siemens, 2025). The model employs a lumped-parameters approach, wherein real components are 
discretized into interconnected elements to represent the entire system. Each element is governed by 
nonlinear time-dependent differential equations that define the state variables. These equations are 
assembled into a system of differential equations, which is subsequently integrated over time to simulate 
the system’s dynamic behaviour.  

This numerical approach has been extensively detailed in previous works by the same authors (Artuso et al., 
2020; Fabris et al., 2021). A concise description of the system components included in the model, the 
numerical discretization and underlying assumptions, as well as the empirical correlations utilized to evaluate 
heat transfer processes, is provided below. 

A fixed displacement compressor model is implemented, with volumetric and compression efficiencies 
interpolated as functions of the pressure ratio and suction pressure from manufacturer data for the R452A 
and R290 compressors. The R290 compressor was selected from manufacturer's catalogue with capacity as 
close as possible to the reference R452A one; all the other components remain the same for the R290 and 
R452A systems. 



The fin-and-tube condenser is discretized into N = 4 lumped volumes. Each volume is further subdivided into 
three nodes, corresponding to the refrigerant flow, the tube wall and fins, and the surrounding air. The 
geometric characteristics of the heat exchanger, such as area and mass, are evenly distributed across the 
lumped elements. Heat transfer processes account for internal convection between the refrigerant and the 
internal wall, conduction through the wall and fins, and external convection between the fins and ambient 
air. 

Each of the seven eutectic tubes is discretized into N = 5 lumped volumes. Each discretized volume considers 
the overall heat fluxes between the refrigerant, the eutectic tube, the PCM and the insulated box, according 
to the discretization schematic presented in Figure 4. Also in this case, the geometric characteristics are 
equally distributed. Internal convection between refrigerant and copper pipe, conduction between the 
refrigerant copper pipe and the eutectic tube aluminium case, conduction through PCM, external convection 
between the tube aluminium case and air inside the insulated box, and radiation between the tube 
aluminium case and the internal walls of the box are considered. Moreover, heat transfer along consecutive 
discretized elements of refrigerant, copper, aluminium and PCM is also considered. The PCM behaviour is 
described by providing its main thermophysical properties (density and specific heat of liquid and solid 
phases, thermal conductivity, latent heat of fusion and temperature of phase change) as an input of the 
model. 

 

Figure 4. Discretization schematic of each eutectic tube lumped volume. Ref: refrigerant; CU: copper pipe; Al: 

aluminium case; PCM: phase change material; Air: insulated box internal air; Box: insulated box internal walls. 

Convective heat transfer coefficients are determined using empirical correlations from the literature. For 
refrigerant-side elements, the Gnielinski correlation (1976) is applied for single-phase flow, the Shah 
correlation (1979) for two-phase condensation, and the VDI correlation in horizontal tubes (Steiner and 
Taborek, 1992) for two-phase boiling. For air-side elements within the condenser, the Colburn J-factor 
correlation (McQuiston, 1978) is employed. Additionally, heat exchange between the external surface of the 
eutectic tubes and the surrounding air is evaluated using the Churchill and Chu (1975) correlation for natural 
convection over a flat plate. 

The dynamic response of the insulated box is modelled by discretizing the box walls into a series of 7 thermal 
capacities and 6 thermal resistances. The thermal capacitances are estimated based on the box’s geometrical 
and material properties, while the thermal resistances incorporate both geometric and material 
considerations, as well as thermal bridges associated with doors and metallic structural reinforcements. This 
approach ensures an accurate reproduction of the global heat transfer coefficient measured in the ATP test 
(K = 0.31 W m−2 K−1). 



4 RESULTS AND DISCUSSION 

4.1 Baseline unit experimental setup 

The baseline R452A system has been experimentally tested to assess its thermodynamic and energy 
performance under nominal operating conditions. In particular, the experimental test is based on the ATP 
test procedure defined for eutectic plates equipment, as described in Annex 1 of the ATP itself (United 
Nations, 2024). 

The test is conducted at 𝑇𝑎𝑚𝑏 approximately constant and with a mean value equal to 28.8 °C over the 32-
hours test duration, with standard deviation equal to 𝜎 = 0.9 °C. Once the mean inside temperature of the 
insulated box and the temperature of the eutectic tubes are in equilibrium with the environmental 
temperature, the doors are closed, and the cooling unit is turned on. The insulated box is kept closed with 
the cooling unit in operation for 24 hours, to freeze the PCM contained inside the eutectic tubes. After 24 
hours, the cooling unit is turned off. The objective of the test is to assess how long the mean temperature 
inside the insulated box stays below  𝑇𝑖,𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = -20 °C, after switching off the cooling unit. 

Several thermocouples are placed in key points of the refrigeration system, to assess the thermodynamic 
cycle and the air and tubes temperatures, and the temperature values are logged through an Agilent 34970A 
Data Acquisition Unit equipped with two Agilent 34901A multiplexer modules. The main electrical 
parameters (power consumption, voltage, current, frequency and power factor) are logged through a high 
precision multimeter. The list of the equipment used for data acquisition, their accuracy and the sampling 
rate is reported in Table 1. 

Table 1. List of the equipment used for data acquisition and their accuracy. 

Type Instrument Placement Accuracy Sampling rate 

Temperature 
sensors 

T-type 
thermocouples  

Compressor suction and 
discharge, condenser outlet, 
inlet and surface of eutectic 
tubes, tubes outlet, internal 
and external air 

± 1.0 °C 1/60 Hz 

Electrical 
parameters 

HT Instruments 
PQA 824 

System electrical utilities 
(compressor + condenser fan)  

± 0.5 % (Voltage) 
± 0.5 % (Current) 
± 1.0 % (Power) 

1/120 Hz 

The ambient temperature (𝑇𝑎𝑚𝑏 ), the air temperature inside the insulated box (𝑇𝑖 ) and the refrigerant 
evaporation temperature (𝑇𝑒𝑣) over the 32 hours of the complete experimental test are presented in Figure 
5. The test assesses that the energy stored in the eutectic plates during the 24 hours pulldown is sufficient 
to guarantee an almost 8 hours autonomy below the internal air temperature setpoint of -20 °C with fixed 
external temperature conditions, ensuring compliance with ATP prescriptions. 



c  

Figure 5. Experimental test on baseline R452A system. 

 

4.2 Numerical model validation 

A numerical model of the baseline R452A system is developed following the approach presented in Section 
3, with the objective of comparing the simulated cooling system performance to the experimental 
performance. In the simulations, the complete 32-hours test is considered. The ambient temperature profile 
registered during the experimental test presented in Section 4.1 is used as the input of the numerical 
simulation, to evaluate the unit under the same operating conditions occurred during the experiment. 

As previously described in Section 3, the thermophysical properties of the PCM represent an input of the 
model. According to the data reported in the commercial datasheet of the eutectic material (Diversey, 2019), 
the PCM is commercially labelled as having a phase change temperature of -33.5 °C. However, since several 
studies in literature report that the actual solidification temperature of a PCM might present significant 
differences from the nominal value due to bad nucleation reasons and to the supercooling phenomenon 
(Huang et al., 2010; Gunther et al., 2011; Tan et al., 2020), and that the solidification (during PCM “charge”) 
and melting (during PCM “discharge”) can occur at different temperatures due to the PCM hysteresis 
phenomenon (Klimes et al., 2020; Liu et al., 2020), the phase change temperatures have been best fitted by 
means of a preliminary sensitivity analysis. 

Firstly, the first 24-hours pulldown are considered, to determine the best fit of the PCM solidification 
temperature during its charging phase. The solidification temperature (𝑇𝑠𝑜𝑙) is varied between -33 °C and -
36 °C. The root mean square error (RMSE) on the internal air temperature (𝑇𝑖 ), normalized on the 
experimentally measured range of variation of 𝑇𝑖 , is calculated as defined in Eq. (1), where 𝑡0  and 𝑡𝐸𝑁𝐷 
represent hour 0 and hour 24 of the experimental test. Similarly, the RMSE on the electrical power 
consumption (𝑃), normalized on the mean value of the experimentally measured 𝑃, is calculated as defined 
in Eq. (2). The sum of these two normalized RMSE, calculated as described in Eq. (3), has been used as fitness 
function in the best fit. 

 
𝑅𝑀𝑆𝐸𝑇𝑖 =

√
∑ (𝑇𝑖,𝑒𝑥𝑝

𝑡 − 𝑇𝑖,𝑠𝑖𝑚
𝑡 )2

𝑡𝐸𝑁𝐷
𝑡=𝑡0

(𝑡𝐸𝑁𝐷 − 𝑡0)

(𝑇𝑖,𝑒𝑥𝑝,𝑚𝑎𝑥 − 𝑇𝑖,𝑒𝑥𝑝,𝑚𝑖𝑛)
 

(1) 

 
𝑅𝑀𝑆𝐸𝑃 =

√
∑ (𝑃𝑒𝑥𝑝

𝑡 − 𝑃𝑠𝑖𝑚
𝑡 )2

𝑡𝐸𝑁𝐷
𝑡=𝑡0
(𝑡𝐸𝑁𝐷 − 𝑡0)

𝑃̅𝑒𝑥𝑝
 

(2) 

 𝑅𝑀𝑆𝐸𝑇𝑂𝑇 = 𝑅𝑀𝑆𝐸𝑇𝑖 + 𝑅𝑀𝑆𝐸𝑃 (3) 



Results are presented in Table 2. The sensitivity analysis shows that the best fit of the numerical model on 
experimental data during the PCM charging phase is achieved with 𝑇𝑠𝑜𝑙  = -35 °C. 

Table 2. Normalized RMSE of the numerical model during PCM charging phase (hours 0-24) as a function of the 

PCM solidification temperature. 

𝑻𝒔𝒐𝒍 [°C] 𝑹𝑴𝑺𝑬𝑻𝒊 [-] 𝑹𝑴𝑺𝑬𝑷 [-] 𝑹𝑴𝑺𝑬𝑻𝑶𝑻 [-] 

-33 0.0186 0.0349 0.0534 

-34 0.0129 0.0336 0.0465 

-35 0.0124 0.0323 0.0448 

-36 0.0166 0.0294 0.0459 

The melting temperature (𝑇𝑚𝑒𝑙𝑡) is obtained applying a similar procedure to the discharging phase. 𝑇𝑚𝑒𝑙𝑡 is 
varied between -31 °C and -34 °C. For the discharging phase, the model accuracy is assessed using only the 
𝑅𝑀𝑆𝐸𝑇𝑖 defined in Eq. (1). In this case, 𝑡0 and 𝑡𝐸𝑁𝐷 represent hour 24 and hour 32 of the experimental test. 
Results are reported in Table 3, showing that the best fit is achieved with 𝑇𝑚𝑒𝑙𝑡 = -32 °C. 

The solidification and melting temperature obtained (𝑇𝑠𝑜𝑙  = -35 °C, 𝑇𝑚𝑒𝑙𝑡 = -32 °C) are coherent with the 
nominal manufacturer phase change temperature of -33.5 °C and the hysteresis seems in line with the 
literature for these materials.  

Table 3. Normalized RMSE of the numerical model during PCM charging phase (hours 24-32) as a function of 

the PCM melting temperature. 

𝑻𝒎𝒆𝒍𝒕 [°C] 𝑹𝑴𝑺𝑬𝑻𝒊 [-] 

-31 0.0970 

-32 0.0576 

-33 0.0955 

-34 0.1251 

Figure 6 presents a comparison of the numerical model with experimental data. The simulated total electrical 
energy consumption over the 24 hours of the pulldown (𝐸𝑇𝑂𝑇,𝑠𝑖𝑚  = 51.9 MJ) is then compared to the 

experimentally measured electrical consumption (𝐸𝑇𝑂𝑇,𝑒𝑥𝑝 = 51.5 MJ), showing a difference between the 

numerical model and the experimental data equal to +0.8%. 

  

(a) (b) 

Figure 6. Performance test on baseline R452A system: (a) experimental and numerical internal air 

temperature inside the insulated box; (b) Experimental and numerical electrical power input. 

4.3 Numerical evaluation of R290 unit 

Once the numerical approach is validated against the experimental data, the same approach is used for the 
proposed R290 system. To allow a clear comparison between the proposed system and the baseline one, the 
same test described in Section 4.2 is used for the numerical simulations. The nominal ambient temperature 



of 30 °C is set as constant boundary for the whole duration of the test as well as for the isothermal 
initialization of the model thermal inertia. Results are presented in Figure 7. 

  
(a) (b) 

  
(c) (d) 

Figure 7. Performance comparison between baseline R452A system and R290 system: (a) COP; (b) refrigerating 
effect; (c) compressor power; (d) air temperature inside the box. 

The R290 system presents a better performance compared to the baseline R452A system along the pulldown. 
In fact, while the energy provided by the R290 cooling unit in the 24 hours (36.7 MJ) is slightly higher (+4.6%) 
than the one provided by the R452A unit (35.1 MJ), there is a significant decrease of the compressor power 
input for the case of the R290 unit along the whole duration of the simulation. In fact, the total energy 
consumption in the 24 hours is equal to 55.8 MJ for the R452A unit and to 51.9 MJ for the R290 unit, with an 
energy consumption reduction equal to -7.1%. As a result, the overall pulldown COP, defined as the ratio 
between the total cooling energy provided by the unit and the total electrical energy consumption of the unit 
during the 24-hours pulldown, is equal to 0.63 for the R452A baseline system and to 0.71 (+12.6%) for the 
R290 system. 

Furthermore, the additional cooling energy provided by the R290 unit during the pulldown results both in an 
increased energy stored in the TES and in a decrease of the temperature of the insulated box mass itself 
compared to the R452A system. As an overall result, there is a higher thermal inertia of the PCM and of the 
box, leading to an increase of the time in which the air inside the box is maintained below the threshold of -
20 °C after the end of the pulldown (where the ambient temperature is still kept constant at 30 °C). This 
difference might significantly affect the time period after which the cooling unit has to be switched on again, 
especially when the temperature threshold must be strictly respected due to regulations on perishable goods 
preservation conditions. 

 

 



4.4 R290 charge evaluation 

Finally, as anticipated in Section 2, the minimization of refrigerant charge is a critical requirement to 
guarantee safety of vapor compression systems employing hydrocarbons, such as propane, as operating 
fluids. 

The used numerical approach accounts for the internal volumes of each subcomponent in the numerical 
scheme and dynamically resolves the mass of refrigerant contained, according to the operating condition of 
the system. The total refrigerant charge is given as an input to the model. For the R290 unit simulation 
described in Section 4.3, the charge is set to 130 g. At the end of the 24-hours pulldown the charge is 
distributed as follows: 100 g of propane in the condenser coils, 26 g in the connection pipes between the 
compressor, condenser and eutectic pipes and only 4 g in the refrigerant coils attached to the eutectic tubes 
inside the insulated box. 

Moreover, since the system is critically charged, the effect of the variation of R290 charge in the circuit on 
the performance of the cooling unit is evaluated. Steady-state numerical simulations are performed in which 
a fixed heat source is set at -35 °C, to represent the unit design operating conditions (corresponding to the 
PCM solidification temperature), and variable ambient temperature (between 15 °C and 55 °C) and R290 
charge (between 50 g and 150 g) are considered. The variation of the unit cooling effect depending on the 
simulated conditions is presented in Figure 8. 

 

Figure 8. Steady-state cooling effect of the R290 unit as a function of ambient temperature and R290 charge, with 
fixed heat source at -35 °C. 

The unit cooling effect is strongly influenced by the refrigerant charge, especially when the refrigerant charge 
is too low for the system. In fact, in the range of R290 charge below 100 g, a small reduction of the charge 
determines a significant drop in cooling effect which, for a specific ambient temperature, can result in an 
insufficient cooling energy provided to the eutectic tubes and, consequently, stored in the TES during a fixed 
duration pulldown, causing substantial decrease in the time autonomy of the insulated box below the 
temperature threshold. On the contrary, with R290 charge above 130 g, the variation of cooling effect with 
charge progressively decreases, with the only exception of extremely high ambient temperatures (above 45 
°C). 

While some important phenomena as the refrigerant solubility in the lubricant are neglected in the numerical 
simulations, these results suggests that such cooling unit could be realized with a total charge of R290 under 
150 g, presenting good performance even with considerably hot ambient temperatures (up to 40-45 °C). 

5 CONCLUSIONS 

In this study, an efficient system based on an innovative TES configuration (eutectic tubes in place of 
traditional eutectic plates) and employing the natural refrigerants propane (R290) in the attached cooling 
unit is proposed as an energy efficient and environmentally sustainable solution for transportable insulated 



boxes applications, which can be employed in standard last-mile deliveries of food as well as to increase the 
flexibility and resilience of the cold chain in emergency situations. The proposed propane unit is meant to 
replace a baseline system employing the synthetic refrigerant R452A. 

The performance of the baseline R452A system is experimentally assessed in standard test conditions based 
on the ATP test procedure on class C eutectic plates equipment, consisting in a 24-hours pulldown (PCM 
charging phase), followed by 8 hours with the cooling unit turned off, with ambient temperature kept 
constant at approximately 30 °C. A dynamic numerical model of the baseline and of the proposed 
refrigeration systems is developed. The PCM phase change temperatures in the numerical model are 
assessed through a preliminary sensitivity analysis. The numerical model is validated against the 
experimental data, showing good accordance on the dynamic evolution of internal air temperature and 
power consumption and achieving a +0.8% error on the total energy consumption.  

The validated numerical approach is then used to simulate the same pulldown test conditions for the 
proposed R290 unit, using only propane as an almost drop-in for the R452A refrigerant. The R290 system 
outperforms the baseline R452A system, achieving a +4.6% increase in cooling energy provided by the unit, 
a -7.1% decrease in total energy consumption and an overall +12.6% increase in pulldown COP over the 24-
hours test. Moreover, the extra cooling energy delivered by the unit and stored in the TES allows to increase 
the time in which the air temperature inside the box is maintained below the threshold temperature (-20 °C) 
with the cooling unit turned off. The proposed R290 unit operates with a very limited charge, equal to 130 g. 
Overall, the numerical results suggest that the proposed R290 unit can contribute to increase the 
sustainability of small transportable cooling systems by replacing currently employed synthetic refrigerants-
based solutions, while at the same time minimizing potential issues linked to use of hydrocarbons in mobile 
applications. The presented solution can provide a valuable mean of transportation and temporary storage 
under critical situations, even at high ambient temperature, being capable of operating off-grid, thanks to 
TES, thus contributing to the resilience of the cold chain. 
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