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Abstract: To investigate the effect of the location of vacuum insulation panels on the thermal 

insulation performance of marine reefer containers, a 20ft mechanical refrigeration reefer 

container was employed in this paper, and the physical and mathematical models of three kinds 

of envelopes composed of vacuum insulation panels (VIP) and polyurethane foam (PU) were 

numerically established. The heat transfer of three types of envelopes under unsteady 

conditions was simulated. In order to be able to analyze theoretically, the Rasch transform is 

used to analyze the thermal inertia magnitude by calculating the thermal transfer response 

frequency and the thermal transfer response coefficient for each model, and the results are 

compared with the simulation results. The results implied that the insulation performance of 

VIP external insulation is the best. The delay times of each model obtained from the simulation 

results are 0.81 h, 1.45 h, 2.03 h, and 2.24 h, while the attenuation ratios are 8.93, 20.39, 20.62, 

and 21.78, respectively; the delay times calculated from the theoretical analysis are 0.78 h, 1.43 

h, 1.99 h, and 2.20 h, respectively; and the attenuation ratios are 8.84, 20.31, 20.55, and 21.72, 

respectively. The carbon reduction effect of VIP external insulation is also the best. The most 

considerable carbon reduction is 3.65894 kg less than the traditional PU structure within 24 h. 

The research has a guiding significance for the research and progress of the new generation of 

energy-saving reefer containers and the insulation design of the envelope of refrigerated 

transportation equipment. 

Keywords: vacuum insulation pane; marine reefer container; envelopes; thermal conductivity; 

energy conservation 

1. Introduction 

Nowadays, along with the progress of society, science, and technology, food 

value has been put forward with higher requirements, and refrigerated transportation 

equipment and technology have been developed [1‒3]. Marine reefer containers are 

employed as multi-transport main equipment for refrigerated cargo on the market. 

Reefer containers are 7% of the total number of containers. The requirement for reefer 

containers has a much better increase rate than ordinary containers [4,5]. Refrigeration 

equipment for reefer containers has been greatly developed [6‒8]. However, the scope 

for improving energy efficiency is extremely limited. To reduce the consumption of 

sources of energy for reefer containers and carbon emissions, the renovation of their 

envelopes is the most effective way for refrigerated transportation to improve 

insulation performance. 

Polyurethane foam (PU) material is used as insulation material in traditional 
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reefer containers, and the thermal conductivity of PU is 0.018–0.032 W/(m·K). 

Vacuum insulation panels (VIP) are an insulation material with high efficiency, and 

their thermal conductivity is much lower than traditional insulation materials [9‒13]. 

Because of the strengths of low thermal conductivity, thin thickness, good security, 

environmental protection, high efficiency, and energy saving. VIP has been 

extensively employed in refrigerators, cold storage, refrigerated trucks, and other low-

temperature refrigerated transportation fields [3,14‒16], as well as new energy-saving 

buildings and other fields with high insulation requirements [9,15,17‒19]. Currently, 

the research on reefer containers mainly focuses on the temperature field distribution 

inside the container [20‒22]. In terms of envelopes [23], they experimentally and 

numerically investigated a new technique for improving the thermal performance of 

reefer container envelope structures using phase change materials (PCM). An external 

PCM layer was integrated with an insulating sandwich panel, and two analyses were 

performed. Compared to the container, laboratory tests showed that internal wall 

temperature was reduced with the addition of PCM layers. Outdoor experiments 

showed that the PCM envelope reduced the rate of heat transfer and obtained the peak 

delay. Wang et al. [24] explored the thermal performance of the VIP envelope under 

four design forms with the same coverage of VIP. by means of CFD (computational 

fluid dynamics), The thermal insulation performance of VIP was affected by 

polyurethane distribution and the thermal bridge effect. The design form with the least 

carbon emission and the least thermal bridge effect was found. Although the 

application of VIP in the thermal insulation envelope of containers is reported, 

practical engineering application has not yet been found. With the development and 

maturity of VIP technology [12,25‒27], the production scale of VIP will be 

unprecedentedly expanded, the cost of production will be reduced, and it is potentially 

applied as a marine reefer container envelope. 

This paper is devoted to studying the influence of internal insulation, sandwich 

insulation, and external insulation of VIP + PU combined as reefer container 

envelopes, respectively, on the thermal insulation effect of reefer containers under 

unsteady conditions. In the introduction, the paper proceeds with an in-depth 

exploration of the topic in a structured manner. The “Structure of VIP” section 

provides a detailed description of the composition and working principle of VIP. This 

is crucial as it lays the foundation for understanding how VIPs function within the 

context of marine reefer container envelopes. The “Simulation method and theoretical 

calculation method” section is divided into several subparts. It first details the material 

and model of the marine reefer container, including the dimensions, structure, and 

different insulation layer configurations. Then, it elaborates on the simulation model, 

covering aspects such as grid independence verification, governing equations, 

boundary conditions, and the solution method. The mathematical model subsection 

presents the reaction coefficient method and the harmonic response method, which are 

used to analyze the thermal inertia and heat transfer characteristics of the container 

envelopes. The “Results and discussion” section is where the simulation and 

theoretical calculation results are presented and analyzed. It includes the simulation 

results of temperature variation on the internal walls of different containers, 

calculation results of thermal transfer reaction coefficients and frequencies, as well as 

an analysis of the energy consumption and emission reduction potential. This section 
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helps to draw conclusions about the performance of different insulation arrangements. 

Finally, the “Conclusion” section summarizes the key findings of the study, 

highlighting the superiority of VIP external insulation in terms of thermal insulation 

performance and carbon emission reduction.  

2. Structure of VIP 

2.1. The components of VIP 

VIP is a kind of composite material with a special structure, which usually 

consists of core material, getter, and gas barrier envelopes [28]. Based on the theory 

of vacuum insulation, gas embodied in the porous core material is removed. When the 

distance of heat transfer (the aperture of the core material) is less than the molecular 

average free path of the gas, that is, when the Knudsen number Kn > 10, the heat 

conduction of the gas will be inhibited [29]. In addition, even at ordinary pressure, for 

porous core materials with pore size less than 66.5 μm, when the Grashof number Gr 

< 1000, it indicates that convective heat transfer is negligible. The initial thermal 

conductivity of VIP mainly depends on the solid thermal conductivity of the core 

material and the radiation equivalent thermal conductivity [30]. The component of VIP 

was shown in Figure 1. 

 

Figure 1. The component of VIP. 

2.2. The materials and properties of VIP 

Porous materials, such as glass fiber, open-cell organic foam, fumed silica, or a 

combination of several porous materials, are employed as core materials, which 

mainly provide structural support to prevent VIP shrinkage and collapse under 

vacuum, etc. [30]. The gas barrier envelopes are usually made of aluminum-plastic 

composite film, which is used to provide confined space, maintain the vacuum in the 

panel, and inhibit heat conduction of residual gas. Its structural characteristic is that 

the outermost layer is a thermal insulation layer, usually composed of polyethylene 

terephthalate (PET); the interlayer is the gas barrier layer; and the innermost layer is a 

heat-sealing layer, which is generally made up of 50–80 μm low-density polyethylene 

(LDPE) and is bonded between the layers [31]. The effect of the barrier envelope is to 

vacuum seal the core material, which effectively prevents the outside air and water 

vapor from penetrating into the VIP to maintain the inner vacuum. The role of the 

getter is to absorb the residual gas in the VIP and maintain the vacuum in the panel to 

extend the service life and prolong its excellent insulation performance. The main 
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performance parameters of VIP and PU were shown in Table 1 [32].  

Table 1. The main performance parameters of VIP and PU. 

Performance parameter VIP  PU 

Thermal conductivity 1.0~4.0 mW/(m·K) 18.0~32.0 mW/(m·K) 

Compressive strength 0.14~0.25 MPa 0.14~0.2 MPa 

Density 220~260 kg/m3 30~40 kg/m3 

Using temperature −80~120 ℃ −70~80 ℃ 

Service life >15 years >15 years 

Note: Thermal conductivity test conditions: ambient temperature is 25 ℃, relative humidity < RH50%. 

3. Simulation method and theoretical calculation method 

3.1. Material and model of marine reefer container 

The 20ft standard marine reefer container was involved in this paper. The external 

dimensions of the container were 6058 mm× 2438 mm× 2591 mm (length × width × 

height), the structure of the reefer container is shown in Figure 2.  

 

Figure 2. The structure of reefer container. 

The envelope of the reefer container was mainly composed of the bottom end, 

side panel, top panel, front end, after-frame, rear door, etc. On the basis of the relative 

position of PU and VIP, the envelope was divided into three types: internal insulation 

(VIP was placed in the inner part of the insulation construction), sandwich insulation 

(VIP was placed in the middle of the insulation construction), and external insulation 

(VIP was placed in the outer part of the insulation construction), respectively. The 

thickness of the thermal insulation layer in different parts of the container and the 
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physical properties of the main materials were shown in Tables 2 and 3. 

Table 2. The thickness of the thermal insulation layer in different parts of the container. 

Position The thickness of the VIP δ/(mm)  The thickness of the PU δ/(mm)  The total thickness of the insulation layer δ/(mm)  

Side panel (two) 20 42 62 

Top panel 20 70 90 

Bottom-end 20 53 73 

Front-end / / / 

Rear door 20 57 77 

Table 3. The properties of the main materials. 

Material Thermal conductivity. λ/W/(m1·K1) Specific heat capacity cp/J/(kg·K)  Density ρ/(kg/m3)  

PU 0.020 1210 30 

VIP 0.004 670 120 

3.2. Simulation model 

3.2.1. Grid independence verification 

Softer ware was used to build the models. The hexahedral meshes were 

established. The temperature was evaluated for 150,000 to 1,400,000 grids in this 

paper. Grid independence verification was shown in Figure 3. From Figure 3, when 

the number of grids was after 700,000, even if the number of grids was increased, the 

temperature of the internal wall did not change. Therefore, to reduce the computations, 

700,000 grid numbers were chosen for numerical calculations. 

 

Figure 3. Grid independence verification. 

3.2.2. Simulation model and governing equations 

Various reefer container models were created and simulated by CFD software in 

this paper. In order to make close contact between the faces, connecting structural 

columns are used. The grid model of the container was shown in Figure 4. The grid 

type was hexahedral mesh, which was encrypted in the envelope, and the overall 
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number of grids was 700,000. 

  
(a) PU insulation. (b) VIP internal insulation. 

  
(c) VIP sandwich insulation. (d) VIP external insulation. 

Figure 4. The grid model of the container.  

Based on the real size of the reefer container, the simulated model was established 

before the 1:1 equal-scale mathematical model was established. For simplification 

purposes, some essential assumptions were made as the follows: 

(1) The layers of materials were in close contact; there was no gap between the 

layers, and the thermal properties of each layer of material were isotropic and 

invariant. 

(2) The influence of complicated structures in the reefer container was ignored. 

(3) There were grilles at the air supply and return ports; the influence of grilles on 

the supply air and return air was ignored; the size of the air supply outlet was 

2314 mm × 30 mm; and the size of the return air inlet was 2314 mm × 130 mm. 

(4) The air in the container was Newtonian fluid, which satisfied the Boussinesq 

hypothesis. 

The relevant equations were built, including the mass conservation equation, the 

momentum conservation equation, and the energy conservation equation:  

The mass conservation equation (equation of continuity): 

𝜕(𝜌𝑢)

𝜕𝑥
+

𝜕(𝜌𝑣)

𝜕𝑦
+

𝜕(𝜌𝑤)

𝜕𝑧
= 0 (1) 

The momentum conservation equation: 

𝑋：               
𝑢𝜕(𝜌𝑢)

𝜕𝑥
+

𝑣𝜕(𝜌𝑢)

𝜕𝑦
+

𝑤𝜕(𝜌𝑢)

𝜕𝑧
= −

𝜕𝑝

𝜕𝑥
+ 𝜇(

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
+

𝜕2𝑢

𝜕𝑧2
) (2) 



Thermal Science and Engineering 2025, 8(2), 11631.  

7 

𝑌：                
𝑢𝜕(𝜌𝑣)

𝜕𝑥
+

𝑣𝜕(𝜌𝑣)

𝜕𝑦
+

𝑤𝜕(𝜌𝑣)

𝜕𝑧
= −

𝜕𝑝

𝜕𝑦
+ 𝜇(

𝜕2𝑣

𝜕𝑥2
+

𝜕2𝑣

𝜕𝑦2
+

𝜕2𝑣

𝜕𝑧2
) (3) 

𝑍：  
𝑢𝜕(𝜌𝑤)

𝜕𝑥
+

𝑣𝜕(𝜌𝑤)

𝜕𝑦
+

𝑤𝜕(𝜌𝑤)

𝜕𝑧
= −

𝜕𝑝

𝜕𝑧
+ 𝜇(

𝜕2𝑤

𝜕𝑥2
+

𝜕2𝑤

𝜕𝑦2
+

𝜕2𝑤

𝜕𝑧2
) − 𝜌𝑔 (4) 

The energy conservation equation: 

𝑢𝜕(𝜌𝑐𝑝𝑇)

𝜕𝑥
+

𝑣𝜕(𝜌𝑐𝑝𝑇)

𝜕𝑦
+

𝑤𝜕(𝜌𝑐𝑝𝑇)

𝜕𝑧
= 𝐾(

𝜕2𝑇

𝜕𝑥2
+

𝜕2𝑇

𝜕𝑦2
+

𝜕2𝑇

𝜕𝑧2
) (5) 

3.2.3. Boundary condition and solution 

For the entry boundary conditions, the velocity inlet boundary condition was 

selected, the outlet velocity was set to 5 m/s, and the supply air temperature was 253 

K.  

For the outlet boundary conditions, because of the pressure and velocity of the 

exit, there is indeterminacy. Therefore, the outlet boundary conditions can be regarded 

as outflow. 

The ambient temperature was set as the following fitting function, and the 

convective heat transfer coefficient was 18.3 W/(m2·K) [20]. 

𝑡(𝜏) = 295 + 4.2 𝑐𝑜𝑠(
𝜋

12
×

𝜏

3600
) (6) 

The finite volume method was selected for the solution. The SIMPLE pressure 

correction algorithm was used, and the pressure model, energy equation, and k-ε 

standard equation were used for the solution. The second-order upwind discrete 

scheme was employed for the advection terms of pressure and temperature. Gravity 

acceleration g was 9.8 m/s2. The initial temperature was 295 K. The number of 

calculated steps was 172,800 (48 h), and the calculation time step was 1 s. The 

temperature variation on the internal face of each container model was recorded 

simultaneously during the simulation process. 

3.3. Mathematical model 

For heat transfer, due to the heat storage capacity of the material, when disturbed 

by transient temperature fluctuations, the temperature field will not change 

significantly immediately. Instead, it will gradually transition from the disturbed wall 

to the other wall, and the temperature at each position will slowly change until it is re-

stabilized, which reflects the thermal inertia of the material. The thermal inertia index 

D of the envelope is an index reflecting its ability to resist temperature fluctuations 

and heat flow fluctuations. The larger the value of D is, the better the thermal stability 

of the envelope will be. The thermal inertia index of a single material layer was 

calculated as [33]: 

𝐷 = 𝑅𝑆 = 𝛿√
2𝜋𝐶𝑝𝜌

𝜆𝑃
 (7) 

where R was thermal resistance, m2·K/W; S was heat storage coefficient, W/(m2·K); δ 

was thickness, m; and P was period of fluctuations, s. 
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The thermal inertia index of the envelope composed of multi-layer materials was 

calculated as: 

𝐷 = ∑𝐷𝑖

𝑛

𝑖

 (8) 

3.3.1. Reaction coefficient method 

According to Fourier’s law of thermal transfer, the governing equation for the 

thermal transfer process in a one-dimensional single-layer homogeneous envelope was 

as follows: 

𝜕𝑡(𝑥, 𝜏)

𝜕𝜏
= 𝑎

𝜕2(𝑥, 𝜏)

𝜕𝑥2
 (9) 

𝑞(𝑥, 𝜏) = −𝜆
𝜕(𝑥, 𝜏)

𝜕𝑥
 (10) 

The following matrix expressions for the system of algebraic equations can be 

obtained after applying the Rasch transform method to the spatial variable x and the 

temporal variable τ of Equations (9) and (10) using the Rasch transform method. 

[
𝑇(𝑙, 𝑠)
𝑄(𝑙, 𝑠)

] = [
1  −

1

ℎ𝑖𝑛

0      1

]

[
 
 
 
 
 
 

𝑐ℎ(√
𝑠

𝑎
𝑙)             −

𝑠ℎ(√
𝑠
𝑎 𝑙)

𝜆√
𝑠
𝑎

−𝜆√
𝑠

𝑎
𝑠ℎ(√

𝑠

𝑎
𝑙)      𝑐ℎ(√

𝑠

𝑎
𝑙)

]
 
 
 
 
 
 

[
1  −

1

ℎ𝑜𝑢𝑡

0      1

] [
𝑇(0, 𝑠)
𝑄(0, 𝑠)

] (11) 

The second square on the right side of the equation is independent of the input 

and output parameters of the envelope, i.e., it is independent of the temperature and 

thermal flow on both sides of the envelope and represents only the thermal properties 

of the single-layer homogeneous envelope itself [34], as shown in Equation (12). 

[𝐺𝑖] = [
𝐴𝑖(𝑠)   − 𝐵𝑖(𝑠)
−𝐶𝑖(𝑠)   𝐷𝑖(𝑠)

] (12) 

The matrix expression for the system of algebraic equations obtained after the 

Rasch transformations of the multilayer envelope is given in Equation (13). 

[
𝑇(𝑙, 𝑠)
𝑄(𝑙, 𝑠)

] = [
1  −

1

ℎ𝑖𝑛

0      1

] [𝐺𝑛][𝐺𝑛−1]⋯ [𝐺1] [
1  −

1

ℎ𝑜𝑢𝑡

0      1

] [
𝑇(0, 𝑠)
𝑄(0, 𝑠)

] (13) 

The basic steps in theoretically solving for the thermal transfer response 

coefficient Y(j) for a multilayer envelope are summarized below: 

(1) Construct the transfer matrix of the multilayer envelope after the Rasch 

transformation and simplify it to a single matrix, as shown in Equation (14); 

[
𝐴(𝑠)   − 𝐵(𝑠)
−𝐶(𝑠)   𝐷(𝑠)

] = [
1  −

1

ℎ𝑖𝑛

0      1

] [𝐺𝑛][𝐺𝑛−1]⋯ [𝐺𝑛] [
1  −

1

ℎ𝑜𝑢𝑡

0      1

] (14) 

(2) Solve for the value of the roots of the transcendental equation 𝐵(𝑠) = 0 ,𝛼𝑖; 
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(3) Solve for the coefficients 𝛽𝑖  of the Laplace inverse transform, as shown in 

Equation (15); 

𝛽𝑖 = −
1

𝑠2𝐵′(𝑠)
|
𝑠 = −𝛼𝑖

 (15) 

(4) The discrete heat transfer response coefficients Y(j) of the multilayer envelope 

can be calculated by substituting 𝛼𝑖, 𝛽𝑖 into the following two Equations (16) and 

(17). 

𝑌(0) = 𝐾1 + ∑
𝛽𝑖

𝛥𝜏
(1 − 𝑒−𝛼𝑖𝛥𝜏)

∞

𝑖=1

                          𝑗 = 0 (16) 

𝑌(𝑗) = −∑
𝛽𝑖

𝛥𝜏
(1 − 𝑒−𝛼𝑖𝛥𝜏)

∞

𝑖=1

 2𝑒−(𝑗−1)𝛼𝑖𝛥𝜏             𝑗 ≥ 1 (17) 

3.3.2. Harmonic response method 

The harmonic response method is commonly used to analyze the thermal transfer 

response frequency of multilayer envelopes. The frequency of the thermal transfer 

response is mainly represented by two parameters, the delay time and the attenuation 

ratio, the magnitude of which can reflect the thermal inertia of the structure to a certain 

extent [35–37]. The attenuation ratio and delay time need to be solved separately for 

each envelope depending on its composition and thermophysical properties. 

𝑣 = 0.9𝑒
∑𝐷

√2
𝑆1 + ℎ𝑖𝑛

𝑆1 + 𝑌1

𝑆2 + 𝑌1

𝑆2 + 𝑌2
⋯

𝑆𝑛 + 𝑌𝑛−1

𝑆𝑛 + 𝑌𝑛

𝑌𝑛 + ℎ𝑜𝑢𝑡

ℎ𝑜𝑢𝑡
 (18) 

𝛥𝑡 =
1

15
(40.5∑𝐷 − 𝑎𝑟𝑐𝑡𝑎𝑛

ℎ𝑖𝑛

ℎ𝑖𝑛 + √2𝑌𝑖

+ 𝑎𝑟𝑐𝑡𝑎𝑛
𝑌𝑒

𝑌𝑒 + √2ℎ𝑜𝑢𝑡

) (19) 

D = 1 is used as a standard of judgment to determine the surface thermal storage 

coefficient. Yi calculated the surface thermal storage coefficient of the material layer 

from the direction of the advancing counter-temperature wave and then extrapolated 

layer by layer to the surface of the temperature wave facing the wave. Use the internal 

side material layer as the first layer. 

D = 1 is used as a standard of judgment to determine 𝑌𝑖， calculation of 𝑌𝑖 of the 

material layer is calculated from the direction of the advancing counter-temperature 

wave, and then extrapolated layer by layer to the surface of the temperature wave 

facing the wave. Use the internal side material layer as the first layer:  

(1) 
If the thermal inertia index of the first layer material

𝐷1 ≥ 1,𝑌𝑖 = 𝐷1; 

(2) If the thermal inertia index of the previous j-layer material ∑𝐷𝑗 ≥ 1 ,∑𝐷𝑗−1 , 

then the internal surface thermal storage coefficient of the j-th layer of material

j jY S= , calculate the thermal storage coefficient of the internal surface of the j − 

1 layer of the material Yj−1, then the thermal storage coefficients for the j − 2 and 

j − 3 layers Yj−2, Yj−3 are calculated in turn; finally solve for the thermal storage 

coefficient of layer 1st Y1. At this point, the thermal storage coefficient of the first 

layer of material is the thermal storage coefficient of the internal surface of the 
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envelope, i.e., 𝑌𝑖 = 𝑌1. The equations are shown in Equations (20–22); 

𝑌𝑗−1 =
𝑅𝑗−1𝑆𝑗−1

2 + 𝑌𝑗

1 + 𝑅𝑗−1𝑌𝑗
 (20) 

𝑌𝑗−2 =
𝑅𝑗−2𝑆𝑗−2

2 + 𝑌𝑗−1

1 + 𝑅𝑗−2𝑌𝑗−1
 (21) 

𝑌𝑖 = 𝑌1 =
𝑅1𝑆1

2 + 𝑌2

1 + 𝑅1𝑌2
 (22) 

(1) If the thermal inertia index of the material as a whole is D < 1, the calculation of 

the thermal storage coefficient of the most external layer of the material is carried 

out directly: 

𝑌𝑛 =
𝑅𝑛𝑆𝑛

2 + ℎ𝑜𝑢𝑡

1 + ℎ𝑜𝑢𝑡
 (23) 

where Rn is the most external layer envelope thermal resistance, (m2·K)/W, Sn is the 

thermal storage coefficient of the layer material, W/(m2·K), 
out   is the convective 

coefficient of thermal exchange of the external surface of the envelope, W/(m2·K). 

4. Results and discussion 

4.1. Simulation results 

The results of temperature variation on the internal walls of different containers 

were shown in Figure 5. It was found that with the fluctuation of the temperature of 

the outer wall, the temperature of the internal wall also fluctuated. In the initial stage, 

the cold energy was transferred from inside to outside through the internal air region, 

and the temperature of the internal wall gradually decreased until the wall dissipation 

rate and the release rate of cold energy reached a dynamic balance. 

From the data after the first equilibrium point (the first extreme point of the 

temperature curve), it can be seen that the external temperature curve and internal wall 

temperature curve of each model were not synchronized in time, i.e., there was a phase 

difference, which was named the delay time. Moreover, the temperature fluctuation 

range was also different, and the ratio of the fluctuation range of the two was named 

the attenuation ratio. Two extreme points adjacent to each other on the inner wall 

temperature curve were selected to calculate the delay time and attenuation ratio. After 

calculation, the delay time of the four containers was 0.8 h, 1.4 h, 2.0 h, and 2.2 h 

successively, while the attenuation magnification was 8.93, 20.39, 20.62, and 21.78 

successively. The thermal inertia index, delay time, and attenuation ratio of each 

container model were shown in Table 4.  
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Figure 5. The temperature variation on the internal walls of different containers. 

Table 4. The thermal inertia index, delay time, and attenuation ratio of each 

container model. 

Insulation method The thermal inertia index Delay time/h Attenuation ratio 

PU insulation 4.71 0.8 8.93 

VIP internal insulation 4.79 1.45 20.39 

VIP sandwich insulation 4.84 2.03 20.62 

VIP external insulation 5.44 2.24 21.78 

The calculation results show that the thermal inertness index of the container with 

the VIP external thermal insulation arrangement was larger, and its resistance to 

external disturbance temperature waves was stronger. In this case, the temperature 

range of the internal wall was smaller, which was conducive to maintaining a stable 

internal ambient air temperature. Therefore, the use of VIP external thermal insulation 

was conducive to the stability of the temperature of the inner wall of the container, and 

the thermal inertia was maximum. 

On the other hand, the cross-section of the temperature field of each model 

envelope was shown in Figure 6 when the calculation reached 86,400 steps (i.e., 24 h 

after the temperature change). It can be seen that there was an obvious temperature 

gradient at the VIP position. It indicated that the VIP blocking effect on temperature 

diffusion was stronger, the influence of external temperature disturbance on the 

temperature field inside the VIP was weaker, the temperature disturbance of the 

insulation layer inside the VIP was smaller, and the thermal compensation of the 

internal air reign was more adequate, the internal ambient temperature was more 

stable. 
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(a) PU insulation. (b) VIP internal insulation. 

  

(c) VIP sandwich insulation. (d) VIP external insulation. 

Figure 6. The temperature field of the container model. 

4.2. Numerical calculation and discussion 

4.2.1. Calculation results of thermal transfer reaction coefficient 

The thermal transfer reaction coefficient is a sum of infinite indices related to the 

zero-value solutions of the B(s) elements in the transfer matrix, but there are infinitely 

many zero-value solutions of the B(s) elements, and it is obviously impossible to find 

out all of them. Generally, only the solutions larger than −40 can meet the accuracy 

requirement. The results of the solution using MATLAB are shown in Table 5. 

Table 5. Thermal transfer response coefficients for each container model. 

Insulation method 0 h 1 h 2 h 3 h 4 h 

PU insulation 0.2812 0.5947 0.0793 0.0106 0.0014 

VIP internal insulation 0.1758 0.3536 0.0589 0.0131 0.0029 

VIP sandwich insulation 0.1626 0.3251 0.0772 0.0161 0.0036 

VIP external insulation 0.1345 0.2824 0.0941 0.0314 0.0105 
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It can be seen that when a unit temperature disturbance is applied to the wall, the 

thermal response coefficients of each model show a tendency to increase and then 

decrease. It can be seen that the time-to-time thermal conductivity of the internal wall 

surface is a process from weak to strong and then to weak. In particular, at 1 h, the 

hourly heat transfer of the VIP inner insulation container is the largest, followed by 

the sandwich insulation, and the outer insulation is the lowest. At other moments, the 

hourly thermal transfer of the VIP external insulation container is the highest, followed 

by the sandwich insulation, and the lowest by the internal insulation. This 

characteristic shows that, under the same influence of temperature disturbance, the 

time-to-time heat transfer on the internal wall surface of the internal insulated 

container is more drastic, whereas the external insulated container is relatively smooth. 

In a practical sense, when VIP adopts the arrangement of external insulation, it can 

make the multi-layer envelope have more stable thermal compensation and help to 

keep the internal ambient temperature relatively stable. 

4.2.2. Calculation results of thermal transfer response frequency 

The delay times and attenuation ratios for each model are shown in Table 6. 

Table 6. Thermal transfer response frequencies for each container model. 

Insulation method Delay time/h Attenuation ratio 

PU insulation 0.78 8.84 

VIP internal insulation 1.43 20.31 

VIP sandwich insulation 1.99 20.55 

VIP external insulation 2.20 21.72 

The above results are compared with the simulation results, and the results are 

shown in Table 7. 

Table 7. Thermal transfer response frequencies for each container model under 

different research methods. 

 
Simulation results Theoretical analysis results 

Delay time/h Attenuation ratio Delay time/h Attenuation ratio 

PU insulation 0.81 8.93 0.78 8.84 

VIP internal insulation 1.45 20.39 1.43 20.31 

VIP sandwich insulation 2.03 20.62 1.99 20.55 

VIP external insulation 2.24 21.78 2.20 21.72 

The above results are analyzed theoretically. Because the change of temperature 

field is related to the diffusion of the disturbing temperature wave, and the diffusion 

of the temperature wave is related to the diffusion of the heat flow wave. Under the 

unsteady condition, the difference in insulation effect caused by the arrangement order 

of the multi-layer envelope structure is closely relevant to the intensity of temperature 

disturbance and the thermal properties of each material. When one side of the envelope 

is disturbed by a temperature perturbation, the thermal insulation layers in the multi-

layer envelope are affected successively. After the temperature disturbance passes 

through the previous layer of insulation, its disturbance strength will have different 
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degrees of attenuation, and the degree of attenuation is relevant to the thermal inertia 

of the material itself, and the greater the thermal inertia, the greater the degree of 

attenuation. 

In this study, for the external thermal insulation container, the VIP position is 

close to the outdoor air side, which is subject to strong temperature disturbance. When 

the heat flow wave passes through the VIP layer, it will have a significant weakening 

effect. Therefore, the PU layer inside the VIP layer will be subjected to smaller heat 

flow disturbance. In the case of a smaller heat flow disturbance, its temperature field 

changes more slowly. At this time, the multi-layer envelope can provide more thermal 

compensation to the internal environment, so its thermal stability is better. 

4.3. Energy consumption and emission reduction potential 

The calculation method for carbon emissions was as follows: 

Emissions = AD × EF (24) 

where emission was greenhouse gas emissions (t); AD was activity level data (heat 

consumption, GJ); and EF was emission factor (0.11 t CO2/GJ). Therefore, the heat 

transfer and reduced carbon emissions of different containers were shown in Figure 

7. 

 

Figure 7. The heat transfer and reduced carbon emissions of different containers. 

From Figure 7, within 24 h, the heat transfer of the PU thermal insulation 

container was 65,384.1 kJ, the heat transfer of the VIP thermal insulation container 

was 35,388.5 kJ, the heat transfer of the VIP sandwich thermal insulation container 

was 32,368.2 kJ, and the heat transfer of the VIP external thermal insulation container 

was 32,121.0 kJ. The carbon emission of the PU insulation container was 7.19225 kg, 

the carbon emission of the VIP insulation container was 3.89274 kg, the carbon 

emission of the VIP sandwich insulation container was 3.56050 kg, and the carbon 

emission of the VIP external insulation container was 3.53331 kg. The carbon 

emission of the VIP external thermal insulation was the minimum among the four 

types, which was 3.65894 kg, less than that of PU insulation within 24 h. Therefore, 

VIP external insulation was more conducive to energy saving and emission reduction, 
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and reefer container envelope insulation using VIP external insulation was the best. 

5. Conclusion 

The influence of VIP installed in different positions of the container envelope on 

the thermal insulation performance was studied in this paper. By constructing four 

kinds of reefer container models, the insulation construction of the container was PU, 

VIP in the inner of PU, VIP in the middle of PU, and VIP in the outer of PU, 

respectively. The CFD method was used to simulate. The thermal insulation 

performance and carbon emission reduction of each container model were compared. 

The conclusions are as follows: 

The envelope of the reefer container with VIP external insulation had the most 

considerable attenuation and delay effect on external temperature disturbance, the 

temperature variation of the multi-layer insulation construction was the smallest, the 

overall thermal stability was the best, and the thermal inertia was the best. The delay 

times of each model obtained from the simulation results are 0.81 h, 1.45 h, 2.03 h, 

and 2.24 h, while the attenuation ratios are 8.93, 20.39, 20.62, and 21.78, respectively; 

the delay times calculated from the theoretical analysis are 0.78 h, 1.43 h, 1.99 h, and 

2.20 h, respectively; and the attenuation ratios are 8.84, 20.31, 20.55, and 21.72, 

respectively. The carbon reduction effect of the reefer container with VIP external 

insulation was also the best, 3.65894 kg less than that of PU insulation within 24 h. 

The energy-saving and carbon-reduction effect was obviously the best one. 

Taking the cost into consideration, it is currently a significant factor affecting 

their widespread application in marine reefer containers. Although the production 

scale of VIPs is expected to expand with the development of technology, reducing 

production costs, at present, they are more expensive than traditional polyurethane 

foam (PU). However, considering the long-term energy-saving benefits of VIPs, the 

reduced energy consumption and carbon emissions can offset part of the higher initial 

investment. What is more, marine environments are harsh, with high humidity, 

saltwater corrosion, and mechanical vibrations. The gas barrier envelopes of VIPs are 

usually made of aluminum-plastic composite film. While this material can maintain 

the vacuum inside the panel, it may be vulnerable to damage from saltwater corrosion 

and mechanical stress during long-term use in marine containers. Future research 

could focus on advanced gas barrier materials. Additionally, proper maintenance and 

inspection procedures need to be established to ensure the integrity of VIPs during 

their service life in marine reefer containers. 
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Nomenclature 

λ thermal conductivity (W/(m·K)) μ Dynamic viscosity of air (kPa∙s) 

u X-axial velocity component (m/s) v Y-axial velocity component (m/s) 

w Z-axial velocity component (m/s) p Pressure (Pa) 

g Gravity acceleration (m/s) T Temperature (K) 

K Heat transfer coefficient (W/(m2∙K1)) ρ Density (kg/m3) 

cp Specific heat capacity at constant pressure (J/(kg∙K)) 
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