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12 Abstract

13 Due to the high cost of mechanical refrigeration, Evaporative Cooling (EC) can be an alternative 

14 technology for small farmers in developing countries, such as Thailand. This study aimed to 

15 experimentally investigate the performance of EC using a wet fabric blanket. A real-scale cargo chamber, 

16 commonly used in Thailand, was constructed, and equipped with axial fans to simulate airflow during 

17 transportation. Two pallets of test products (hollow plastic balls) were loaded into the cargo and covered 

18 with the wet blanket. During the experiment, the inlet air velocities varied from 0.8 m·s−1 to 3.6 m·s−1 

19 while the constant climate conditions were maintained (29-30 °C and 70-73 %RH). The air and product 

20 temperatures and air relative humidity were measured every minute for three hours using thermocouples 

21 and hygrometers, respectively. This EC method allowed the air temperature decrease by approximately 

22 3-4 °C. When the inlet air velocity decreased, a lower temperature reduction was observed. The quality 

23 preservation performance was also evaluated based on lettuce mass loss. Lower mass loss was observed 

24 for the product stored inside the cargo chamber (< 6%) compared to those outside (8-10%). This study 

25 suggests the potential use of a wet blanket as an EC cooling medium for a short-distance transport to 

26 enhance the cold chain performance in Thailand.

27 Keywords: Cold Chain; Food Loss; Passive Cooling; Temperature; Tropical Climate; Vegetable.
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28 Nomenclature

29 𝐴𝑐 cross-sectional area (m2)

30 𝑐 regression coefficient (-)

31 𝑐𝑝 specific heat capacity (J·kg–1·K–1)

32 𝐶 moisture concentration (kg·m–3)

33 𝐶𝑅 cumulative respired CO2 concentration (g·kg–1)

34 𝐷𝐿 defective loss percentage (%)

35 𝑒 load thickness (m)

36 ℎ heat transfer coefficient (W·m-2·K–1)

37 𝐽𝑣 evaporative flux (kg·m–1·s–1)

38 𝑘 mass transfer coefficient (m2·s–1)

39 𝐿𝑣 Latent heat of evaporation (kJ·kg–1)

40 𝑚 mass (kg)

41 𝑚 mass flow rate (kg·s–1)

42 𝑀 molar mass (g·mol–1)

43 𝑀𝐿 mass loss percentage (%)

44 𝑝𝑣 partial vapor pressure (Pa)

45 𝑅𝑎 coefficient specific to a product (dimensionless)

46 𝑅𝑢 universal gas constant (m3·Pa·mol–1·K–1)

47 𝑅𝐶𝑂2 respired CO2 rate (g·kg–1·h–1 )

48 𝑆 total surface area of cargo (m2)

49 𝑆𝑒𝑥𝑡 surface of cargo in contact with external air (m2)

50 𝑇 dry-bulb temperature (DBT, °C)

51 𝑇′ wet-bulb temperature (WBT, °C)

52 𝑢 average velocity (m·s–1)

53 𝑉 volume (m3)

54 𝑉 volumetric flow rate (m3·s–1)

55 𝛼 coefficient specific to a product (dimensionless)

56 𝛽 special functions (-)

57 𝜀𝑠𝑎𝑡 saturation effectiveness (%)

58 𝜌 density (kg·m–3)
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59 𝜏 characteristic time (s)

60 𝜑 relative humidity (%)

61 𝜔 humidity ratio (kg of water vapor · kg–1 of dry air)

62 Subscripts

63 𝑎 air

64 𝑑𝑓 defect

65 𝑒𝑥𝑡 external

66 𝑓 fabric

67 𝑖𝑛 inlet

68 𝑙 load

69 𝑝 product

70 𝑠𝑎𝑡 saturation

71 0 initial

72 1. Introduction

73 Road transport is the most common mode of freight transport in Thailand, accounting for almost 80% of 

74 the total domestic freight volume (Sathapongpakdee, 2022). Pickup trucks are typically used to distribute 

75 small volumes of goods inside the country. The total number of registered pickup trucks was around 7 

76 million units while that of other registered trucks was only about 1.2 million units (DLT, 2022). The 

77 pickup trucks for freight transport can be classified into three types according to bed configurations 

78 namely fence bed, dry cargo chamber, and refrigerated cargo chamber. Because of its simple structure, 

79 relatively low capital and operational costs, the first two types are broadly used by most small and 

80 medium enterprises (SMEs) in food and agriculture sectors in Thailand while the one of refrigerated 

81 cargo chamber is much less (DLT, 2023).

82 Storage temperature and humidity are known to be significant factors affecting quality deterioration and 

83 postharvest lifetime of horticultural produce (Han et al., 2021). Uninterrupted series of refrigeration units 

84 in supply chains or “cold chains” is of importance to maintain optimal temperature until consumption 

85 (Kim et al., 2015). In 2013, International Institute of Refrigeration (IIR) estimated that 13% of food 

86 produced in the world is lost due to a lack of refrigeration (IIR, 2020). In this regard, transport by non-

87 refrigerated pickup truck can be problematic.

88 In Thailand, the majority of agricultural production is carried out by small-scale farmers who usually 

89 cultivate approximately four hectares of land (Kwanmuang et al., 2020) while their annual incomes are 
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90 often below the national poverty line (Chantarat et al., 2018). Despite their understanding of the negative 

91 impacts of inadequate temperature control, mechanical refrigeration is not economically affordable for 

92 them. Furthermore, the benefits of refrigeration, such as increased selling price due to high quality and 

93 reduced loss, may not outweigh the expenses incurred from installing and operating the refrigeration 

94 within a reasonable timeframe due to economy of scale. Finding an alternative low-cost technology 

95 becomes obvious.

96 Evaporative Cooling (EC), a simultaneous heat and mass transfer process, has been implemented since 

97 ancient times and is increasingly popular in many cooling applications including horticultural produce 

98 storage (Nkolisa et al., 2018). When water is in contact with warm and dry surrounding air, the water 

99 evaporates while the air becomes colder and humidified. The driving forces of water evaporation are the 

100 ambient temperature and vapor partial pressure differences (Xuan et al., 2012). Air temperature can be 

101 decreased up to the difference between the dry-bulb and wet-bulb temperatures, indicating the air 

102 capacity to hold moisture (Liu et al., 2020). The effective temperature decrease divided by the maximum 

103 temperature decrease is referred to “saturation effectiveness” (Tejero-González and Franco-Salas, 2021). 

104 Thailand is a warm and humid country with temperature range 20-40 °C and relative humidity 60-80 % 

105 (TMD, 2020). Hence, low saturation effectiveness is expected for the EC implementation for 

106 horticultural produce storage in the country (Defraeye et al., 2023). Nevertheless, small temperature 

107 drops caused by EC are more adapted to short-distance transport of tropical fruits and vegetables with 

108 optimal temperature range of 10-13 °C as too low temperature engenders chilling injury. Moreover, the 

109 increase in air relative humidity would also limit the weight loss of the produce, which is related to its 

110 marketability. Vala and Joshi (2010) demonstrated the application feasibility under Indian climate 

111 conditions with a reduced-scale cargo chamber without load. Depending on the pad materials, the 

112 achieved air temperature drops varied between 2 and 12 °C, corresponding to the saturation effectiveness 

113 of 30-90 %.

114 Generally, the EC requires a water supply system (pump, piping, and water reservoir) installed in a cargo 

115 chamber, but it decreases loading capacity. In this regard, the EC by using wet fabric blanket was 

116 proposed in this study. Chopra et al. (2022) evaluated the performance an EC storage with wet nylon felt 

117 walls under Indian climate conditions. On average over 24-hour period, a temperature difference of about 

118 5 °C between the stored products and ambient temperature was achieved. Guo (2016) evaluated the EC 

119 effect of different types of fabrics (cotton, wool, and cotton-based linen) under real transport with 

120 different speeds (0-70 km·h−1). At the highest speed, the EC utilizing the wet cotton was able to lower 
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121 the air temperature from 32 °C (40 %RH) to 18 °C (87 %RH) after 8 minutes. The finding showed the 

122 potential of the cooling technique. Our previous study also confirmed this result (Chaomuang and Flick, 

123 2022). However, the obtained results were based on the experiments in a small-scale container 

124 (≈ 0.06 m3) with no loads. A question is whether this cooling technique is still satisfactory in a cargo 

125 chamber with a real size of 120 folds higher (≈ 7.2 m3 for a typical dry cargo chamber hauled by a pickup 

126 truck). The present study aimed to evaluate experimentally the cooling performance of the EC system 

127 using a wet fabric blanket covering the pallets of loads in a full-scale test cargo chamber. First, the air 

128 velocity inside the cargo chamber was characterized, followed by the measurement of the air and hollow 

129 sphere temperatures. Next, the effect of airflow rate on the reduction of air and load (surface) 

130 temperatures was studied. Simplified heat and mass transfer models were developed to interpret the load 

131 temperature evolution from the inlet to the outlet positions at different air velocities. Finally, the impact 

132 of temperature and relative humidity on lettuce weight loss at different positions was investigated. The 

133 knowledge acquired in this study would provide practical suggestions for smallholder farmers to 

134 transport their products at a better condition while compromising their incomes to the least extent. This 

135 would also allow a decent short-term solution to improve cold chain logistic in Thailand before the 

136 infrastructure is fully established.

137 2. Materials and methods

138 2.1 Experimental apparatus

139 A test cargo chamber was constructed with the same scale as the one of pickup trucks typically used for 

140 land transport in Thailand. Its internal dimensions were 1.78 m (width) × 2.35 m (length) × 1.76 m 

141 (height), corresponding to 7.36 m3 loading capacity (Fig. 1). Its walls were made of thin aluminum sheets 

142 (thickness = 0.6 mm) without thermal insulation. It had one air inlet (1.2 m × 0.3 m) on the front wall 

143 and two outlets (0.4 m × 0.4 m) on the rear wall. A suction axial fan (Weiguang YWF4D-350S, 140 W, 

144 2500 m3·h–1) was mounted on each outlet to induce airflow across the cargo chamber. In practice, on 

145 one hand, such fans can be installed inexpensively to ensure a continuous airflow throughout the cargo 

146 chamber, on the other hand, if a cargo chamber without fans is used, there is still an airflow throughout 

147 the cargo chamber when the truck is travelling on the road.

148 Extending ducts (length = 0.3 m) were installed at the inlet and the outlets to enable the measurement of 

149 the temperature and relative humidity of mixed air at these locations. The fans were connected in parallel 

150 to a variable-frequency drive (Jaden JZ-100) to control the fan speed by varying the electrical frequency. 
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151 The cargo chamber was installed in a laboratory test room where the air temperature and the relative 

152 humidity during all experiments varied in the range of 29-30 °C and 70-75 %RH, respectively, which 

153 represent real climatic conditions in Thailand.

154 Two pallets of loads were placed inside the cargo chamber. Each pallet contained 42 perforated 

155 polypropylene baskets (mass = 660 g, volume = 22.7 L) evenly distributed into 6 stacks (i.e., 7 baskets 

156 per stack). Each basket was filled with 35 hollow spheres (mass = 8.5 g, outer diameter = 72 mm, 

157 thickness = 0.3 mm) made of low-density polyethylene (Fig. 2a) to represent the bulk package of sphere-

158 shaped horticultural produce such as tomatoes, oranges, etc. Since these spheres provide similar 

159 resistance to airflow, the same airflow pattern as in real conditions can be achieved. In a first approach, 

160 if respiration heat and water loss of product can be neglected, at steady state, the temperatures (air and 

161 load surface) measured in these laboratory conditions are representative of real conditions. Nevertheless, 

162 since the thermal inertia of these hollow plastic spheres is very low compared to real products, the 

163 transient temperature evolutions are much faster than in real conditions.

164 The fabric blanket used is made of acrylic felt due to high water retention capacity (3 kg water/kg dry 

165 mass), availability in local markets, and cheap price. Seven acrylic felts (thickness = 5 mm) were patched 

166 together to assemble a large blanket (420 g·m–2) which can perfectly cover two pallets of loads (Fig. 2c). 
167 The wet blanket was prepared by spraying it with tap water until it was soddened (~20 L).

Fig. 1 Schematic of a test cargo chamber and the experimental setup for temperature and relative 

humidity measurements.
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7

Fig. 2 (a) Dimensions of a basket loaded with hollow plastic balls, (b) photograph of the basket 

arrangement in a cargo chamber, and (c) photograph of the baskets covered by a wet blanket.

168 2.2 Velocity measurement

169 2.2.1 Determination of air inlet and outlet mass flow rates

170 A hot-wire anemometer (Testo 440, accuracy ±0.03 m·s−1 in the measuring range of 0-20 m·s−1) was 

171 used to measure air velocity at the inlet and the two outlets under five fan speed conditions. The fan 

172 speed was varied by adjusting the input power frequency to 10, 20, 30, 40, and 50 Hz. The measurements 

173 were conducted at 55 points across the inlet and 16 points across each outlet. At each measuring point, 

174 the air velocity was recorded every ten seconds for two minutes, and the time-averaged values were 

175 determined. The mass flow rates (𝑚𝑎) were then calculated based on the averaged velocity of all 

176 measuring points (𝑢𝑎):

𝑚𝑎 = 𝜌𝑎𝐴𝑐𝑢𝑎 (1)

177 where 𝜌𝑎 is the air density (1.16 kg·m−3 at 30 °C) and 𝐴𝑐 is the cross-sectional area of the inlet (0.36 m2) 

178 or of the outlets (0.16 m2).

179 2.2.2 Characterization of airflow in the cargo chamber

180 Air velocity measurement in the cargo chamber was also conducted to describe the airflow around the 

181 pallets covered by the blanket at the different fan speeds explained in the previous section. As depicted 

182 in Fig. 3, there were 15 points for the measurements on the left (z = 0.3 m) and the right (z = 1.5 m) 
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183 planes, and 9 points for the measurements on the middle plane (z = 0.9 m). The sensor was 2-cm distance 

184 from the blanket. The hot-wire anemometer was installed on a portable stand to facilitate sensor 

185 displacement. At each point, the air velocity was measured in two directions (x and y) by changing the 

186 orientation of the sensor to obtain two-dimensional (2D) velocity fields. The recording intervals and 

187 duration for each measurement were ten seconds and two minutes, respectively. The velocity magnitude 

188 at each point was determined from:

𝑢𝑎 = 𝑢2
𝑎,𝑥 + 𝑢2

𝑎,𝑦 (2)

189 The 2D vector fields were then plotted using MATLAB software (version R2021b).

Fig. 3 Experimental setup for air velocity measurement.

190 2.3 Temperature and relative humidity measurement

191 Calibrated T-type thermocouples (diameters = 0.3 mm, accuracy ±0.2 °C) were used to measure the air 

192 and the surface temperatures of the loads in the center of the baskets at four heights: H1 (top), H2, H4, 

193 and H7 (bottom) of stacks S1, S2, and S4 in the middle of the cargo chamber and of stacks S1 and S4 on 

194 the left of the cargo chamber (red circles and blue squares in Fig. 1). Aluminum tape was used to attach 

195 a thermocouple to a load surface (Fig. 2a). All thermocouples were connected to a data acquisition unit 

196 (Keysight 34972A) and were set to record the temperature every minute for a duration of at least three 
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197 hours (representation of short-distance transport duration). Thermo-hygrometers (Testo 174H, accuracy 

198 ±0.5 °C and ±3 %RH) were also used to measure the air temperature and the relative humidity in some 

199 baskets (S1H1, S4H1, and S4H7, green triangles in Fig. 1). The recording intervals for these thermo-

200 hygrometers were every minute.

201 To investigate the air and surface temperature distributions in the pallets, the inlet air velocity was first 

202 set to its maximum corresponding to the frequency of 50 Hz. A series of experiments was subsequently 

203 carried out to investigate the influence of inlet air velocity (10 Hz, 20 Hz, 30 Hz, and 40 Hz). Two 

204 replications were conducted for each inlet air velocity.

205 The saturation effectiveness (𝜀𝑠𝑎𝑡) of EC was calculated using the following equation (Tejero-González 

206 and Franco-Salas, 2021):

𝜀𝑠𝑎𝑡 =
𝑇𝑎,𝑖𝑛 ― 𝑇𝑎,𝑘

𝑇𝑎,𝑖𝑛 ― 𝑇′𝑎,𝑖𝑛
× 100% (3)

207 where 𝑇𝑎,𝑖𝑛 and 𝑇′𝑎,𝑖𝑛 are the dry-bulb and wet-bulb inlet air temperatures (°C), respectively, and 𝑇𝑎,𝑘 is 

208 the dry-bulb air temperature in a specific basket 𝑘.

209 An instantaneous wet-bulb air temperature (𝑇′𝑎) was determined from the dry-bulb temperature and the 

210 relative humidity of the moist air using an empirical equation proposed by Stull (2011).

𝑇′𝑎 = 𝑇𝑎 tan―1 [0.151977(𝜑𝑎 + 8.313659)0.5] + tan―1(𝑇𝑎 + 𝜑𝑎) ― tan―1(𝜑𝑎 ― 1.676331)
+ 0.00391838𝜑1.5

𝑎 tan―1(0.023101𝜑𝑎) ― 4.686035
(4)

211 where 𝜑𝑎 is air relative humidity (%) and the arctangent function is in radians.

212 A humidity ratio (𝜔𝑎) was also calculated using the following equation (Sensirion, 2009).

𝜔𝑎 = 0.622 ∙
𝑝𝑣

101325 ― 𝑝𝑣
(5)

213 where 𝑝𝑣 is partial vapor pressure (Pa) which is given by

𝑝𝑣 = 6.112𝜑𝑎 exp ( 17.62𝑇𝑎

243.12 + 𝑇𝑎) (6)
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214 2.4 Evaluation of quality preservation performance

215 A case study with lettuce (Lactuca sativa L.) was conducted to investigate the preservation performance 

216 of the EC using the wet fabric blanket. Fresh lettuce was procured from a local market for each 

217 experimental day. Approximately 2 kg of lettuce with no defects (initial mass, 𝑚0) were filled in each 

218 basket at the top and the bottom of the front (S1H1 and S1H7) and the rear stacks (S4H1 and S4H7) in 

219 the middle and the left of the cargo chamber (eight baskets in total). The other baskets remained 

220 containing plastic spheres. Three baskets of lettuce (denoted as EX1, EX2, EX3) were prepared and 

221 placed in the same room as the cargo chamber. Temperature data loggers (iButton DS1922L, accuracy 

222 ±0.5 °C) were placed in the center of all baskets loaded with lettuce to monitor product temperature 

223 throughout the experiment. Thermo-hygrometer dataloggers were also used to track air temperature and 

224 relative humidity at the inlet of the cargo chamber. The experiment was carried out with the highest inlet 

225 air velocity for 20 hours (from 11:00 AM to 8:00 AM). At the end of the experiment, the bulk mass (𝑚) 

226 was measured, and the mass loss percentage (𝑀𝐿) was calculated using Eq. (7). 

𝑀𝐿 =
𝑚0 ― 𝑚

𝑚0
× 100% (7)

227 Subsequently, defective leaves (e.g., bruises or leaf injuries) were evaluated visually and weighed for 

228 each basket (𝑚𝑑𝑓). The defective loss percentage (𝐷𝐿) was then calculated using Eq. (8).

𝐷𝐿 =
𝑚 ― 𝑚𝑑𝑓

𝑚 × 100% (8)

229 The same experiment was repeated to ensure the result consistency.

230 Apart from the two physical loss parameters (𝑀𝐿 and 𝐷𝐿), the cumulative respired CO2 concentration (

231 𝐶𝑅, g·kg–1) was also calculated to assess the potential of the EC to prolong storage lifespan (Mahangade 

232 et al., 2020). The respired CO2 rate (𝑅𝐶𝑂2, g·kg–1·h–1) for each time interval (1-min in our case) was 

233 calculated from the product temperature using the Arrhenius equation.
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𝑅𝐶𝑂2 = 𝑅𝑎 ∙ exp ( ―𝛼
𝑇𝑝 + 273.15) (9)

234 where 𝑅𝑎 and 𝛼 are dimensionless coefficients specific to a product. For leaf lettuce, 𝑅𝑎 = 0.196 and 𝛼 = 

235 5827.8 (Eriko et al., 2001). The 20-h cumulative respired CO2 was determined by integrating the respired 

236 CO2 rates for products stored inside and outside the cargo.

237 3. Results and discussion

238 3.1 Airflow in the cargo chamber

239 Inlet air velocity was almost linearly proportional to input frequency supplied to the fan (Table 1). The 

240 values varied from 0.8 m·s−1 to 3.6 m·s−1, corresponding to the mass flow rate increasing from 

241 0.34 kg·s−1 to 1.53 kg·s−1. The air velocities at both outlets were almost identical at the same fan speed. 

242 The maximum difference in mass balance between the inlet and the outlets is of 7% at the higher fan 

243 speeds (≥ 30 Hz) where 𝑚𝑎,𝑖𝑛 < 𝑚𝑎,𝑜𝑢𝑡. This may be explained by air entering the gaps and sensor holes 

244 on the cargo chamber walls.

245 In fact, reproducing the airflow throughout a cargo chamber without fans in a real transportation with, 

246 for example, a vehicle velocity of 30 km·h–1 ( 8 m·s–1) necessitates a wind tunnel, which is not available 

247 in our laboratory. It should be noted that the inlet air velocity is expected to be much lower than the 

248 vehicle speed because of the pressure drop of the cargo chamber. For example, considering a singular 

249 pressure drop coefficient of about 4 (two sudden contractions/enlargements and two direction changes), 

250 the inlet air velocity is expected to be about half (1/ 4) of the vehicle speed. Therefore, despite the 

251 relatively low air velocity range achieved in this study, the results can still demonstrate the potential of 

252 the EC with the wet fabric blanket.

253 Table 1 Air velocity and corresponding mass flow rate at different fan speeds.

Inlet Left outlet Right outlet
Frequency

Velocity† Flow rate Velocity‡ Flow rate Velocity‡ Flow rate

(Hz) (m·s−1) (kg·s−1) (m·s−1) (kg·s−1) (m·s−1) (kg·s−1)

10 0.8 ± 0.2 0.34 0.9 ± 0.4 0.17 0.9 ± 0.5 0.17

20 1.6 ± 0.6 0.68 1.7 ± 0.9 0.32 1.7 ± 0.8 0.32

30 2.2 ± 0.9 0.93 2.6 ± 1.2 0.49 2.4 ± 1.2 0.45

40 2.9 ± 1.2 1.23 3.5 ± 1.5 0.66 3.5 ± 1.8 0.66

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4825040

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



12

50 3.6 ± 1.5 1.53 4.3 ± 1.8 0.81 4.2 ± 2.1 0.79
†Average of 55 measuring points ± standard deviation. ‡Average of 16 measuring points ± standard deviation.

254 Air velocity was measured at various positions around the pallets for different inlet air velocities. It was 

255 observed that the airflow on the same plane exhibited the same flow pattern for all inlet air velocities. To 

256 be concise, only the air velocity fields at different planes at three inlet air velocities (0.8, 2.2, and 

257 3.6 m·s−1) were presented as shown in Fig. 4. Regardless of the inlet velocity, the high air velocity zone 

258 consistently remained above the loads (y > 0.4 m). When the inlet velocity was 3.6 m·s−1 (Fig. 4c), the 

259 air velocity in this zone (x > 0.6 m) ranged between 2.6 and 2.8 m·s−1 in the middle plane (z = 0.9 m) and 

260 between 1.2 and 2.9 m·s−1 for the lateral planes (z = 0.3 m and z = 1.5 m). Outside this zone, air velocities 

261 remained below 1.0 m·s−1 for all planes. These findings suggested that the EC effect in the high velocity 

262 zone (large proportion of air flow) would be relatively high compared to the other positions. When the 

263 inlet velocity decreased from 3.6 m·s−1 to 2.2 m·s−1 (Fig. 4b) and 0.8 m·s−1 (Fig. 4a), the air velocities 

264 in this zone dropped by 40-50% and 80-85%, respectively.
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Fig. 4 Air velocity fields at different planes in the cargo chamber at the three inlet velocities (𝑢𝑎,𝑖𝑛): 

(a) 0.8 m·s–1, (b) 2.2 m·s–1, and (c) 3.6 m·s–1. Bold numbers outside the plot area indicate the inlet 

velocity (left) and left outlet velocity (right).

265 3.2 Temperature distribution in the pallets

266 The lowest achievable air temperature through EC is determined by the wet-bulb temperature of the 

267 ambient air. Consequently, the EC potential in this study is expected to be constrained due to the high 

268 humidity environment (29.8 ± 0.2 °C and 70.3 ± 1.6 %RH, corresponding wet-bulb temperature 

269 = 25.5 °C). Fig. 5 shows air and load surface temperature variations at various positions in the cargo 

270 chamber when the inlet velocity was 3.6 m·s–1. The air temperatures within all instrumented baskets 

271 exhibited an average reduction of 4.0 °C after 1.5 hours and subsequently remained relatively stable, 

272 with a slight variation of 0.2 °C, until the end of the experiment. These attained temperatures closely 
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273 aligned with the time-averaged wet-bulb temperature of the incoming air (25.5 °C). Regarding the load 

274 surface temperature, it was observed that the change in load surface temperature did not significantly 

275 differ from the change in air temperature. This can be attributed to the low thermal inertia in this 

276 experiment (hollow plastic spheres). Taking into account of the mass and the heat capacity of the load 

277 (baskets and the spheres within), about 100 W was transferred from load to air at the beginning of 

278 refrigeration. This is very far from the theoretical maximum refrigeration power, for example, if the inlet 

279 air (29.8 °C, 70 % RH, 3.6 m·s–1) passes from the wet bulb temperature of 25.5 °C to 26.5 °C about 8 kW 

280 could be transferred flow load to air. 

281 Regrading spatial variations, in the first stacks (S1) positioned both on the left (Fig. 5a) and in the middle 

282 (Fig. 5b) of the pallets, the air temperatures in the baskets at all heights showed negligible differences 

283 after 1.5 hours (< 0.5 °C). However, in the second (S2) and the last (S4) stacks, located in the middle of 

284 the pallet as depicted in Figs. 5c and 5e, the air temperatures in the top baskets (H1) were relatively lower 

285 by 1.0-1.5 °C compared to those in the bottom baskets (H7). As the air traversed through the pallets, the 

286 air temperatures in the lower baskets in the subsequent stacks gradually increased, surpassing that of the 

287 front stack (S1). Conversely, the air temperatures in the top baskets of all stacks remained relatively the 

288 same. It can also be observed that the top baskets are cooled down faster during the first hour. This 

289 phenomenon can be attributed to these top baskets being in direct contact with the wet blanket, thereby 

290 benefiting from the EC effect and by the high air velocity above them. 

291 Fig. 6 shows the variations in air relative humidity and humidity ratio at the inlet, the outlets, above the 

292 wet blanket (S1T and S4T) and, inside the three baskets on the middle stacks (S1H1, S4H1, and S4H7). 

293 The relative humidity approached 100% in the top baskets, while it was approximately 84% above the 

294 wet blanket (Fig .6a). A relative humidity of 91% was observed in the bottom basket. These values fall 

295 within the favorable range for the storage of various fresh fruits and vegetables. The relative humidity at 

296 both outlets appeared to be lower than that in the cargo chamber but higher than at the inlet. Indeed, the 

297 air at the outlet is a mix between the air flowing through the wet blanket and air flowing directly from 

298 the inlet. A slight increase in air temperature at the outlets also reduced the relative humidity. 

299 Nevertheless, the humidity ratios at these positions were almost the same (Fig. 6b).
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Fig. 5 Air (A) and load surface (L) temperature variations in the baskets on the left and the middle 

stacks (𝑢𝑎,𝑖𝑛= 3.6 m·s−1 and 𝑇𝑎,𝑖𝑛 = 29.8 ± 0.2 °C).

300 It is noteworthy that even a minor temperature reduction associated with a slight relative humidity 

301 increase can exert a positive influence on product quality, particularly concerning moisture loss and 

302 wilting (Chaomuang et al., 2023; Defraeye et al., 2022). Ambuko et al. (2017) conducted a study 

303 revealing that leafy amaranth vegetables (Amaranthus spp.) experienced a substantial weight loss of 

304 nearly 50% after being stored for 5 days at ambient temperature (a maximum daytime temperature of 

305 29 °C and a minimum nighttime temperature of 15 °C). The same authors compared the vegetable weight 

306 loss when the products were stored in two distinct storage chambers, the first one with an evaporative 
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307 cooler to maintain temperatures 5–10 °C lower than ambient temperature, and the second one with a 

308 zero-energy brick cooler to maintain temperatures 1–5 °C lower than ambient temperature. They found 

309 that the weight loss was significantly reduced in the first one (7%) in comparison with the second one 

310 (10%).

Fig. 6 Air relative humidity (a) and humidity ratio (b) variations at the inlet, the outlets, above the wet 

blanket (S1T and S4T) and inside the baskets (S1H1, S4H1, and S4H7) on the middle stacks (𝑢𝑎,𝑖𝑛= 

3.6 m·s−1, 𝜑𝑎,𝑖𝑛 = 70.3 ± 1.6 %RH, 𝜑𝑎,𝑜𝑢𝑡_𝑙𝑒𝑓𝑡 = 74.2 ± 1.9 %RH, and 𝜑𝑎,𝑜𝑢𝑡_𝑟𝑖𝑔ℎ𝑡 = 75.5 ± 1.9 %RH).

311 3.3 Influence of inlet air velocity

312 The temperature differentials between the inlet air and the air within the baskets in the middle plane for 

313 different air velocities are depicted in Fig. 7. It is evident that the most substantial temperature reductions 

314 were achieved at the highest inlet air velocity (3.6 m·s−1), yielding temperature reductions ranging from 

315 3.6 to 4.4 °C, depending on the position within the pallets. Less temperature drops were observed at 

316 lower inlet velocities. At the lowest inlet velocity (0.8 m·s−1), the temperature drops were within the 

317 range of 2.4 to 3.4 °C. Remarkably, even under this condition of notably low inlet velocity, this EC 

318 technique demonstrated a saturation effectiveness of around 80% in the top baskets (𝑇𝑎,𝑖𝑛 ― 𝑇′𝑎,𝑖𝑛= 

319 4.1 °C). This finding was consistent with Defraeye et al. (2022) who studied the EC performance of the 

320 textile blanket filled with charcoal. They observed that the air temperature decreased by about 5 °C from 

321 the ambient temperature of 23 °C (40 %RH) even under very low airflow conditions and decreased 

322 slightly more at higher air velocity.
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Fig. 7 Temperature differences (in °C) between the inlet air and the air in the different baskets in the 

middle plane for different air velocities. Time-averaged air and load surface temperatures were 

calculated over two hours during which temperature remained constant.

323 3.4 Simplified heat and mass transfer models for interpretation of load temperature evolution 

324 A simplified one-dimensional heat and mass transfer models based on energy balance was devised to 

325 describe load temperature evolutions in a cargo chamber featuring a wet fabric blanket. As illustrated in 

326 Fig. 8, air flows through a channel between the wet fabric blanket and the chamber wall with external air 

327 above (𝑇𝑒𝑥𝑡). The load beneath the wet fabric blanket is characterized by a thickness 𝑒 = 𝑉 𝑆 where 𝑉 

328 denotes the load volume and 𝑆 the load surface area. The load is in contact with the wet fabric blanket, 

329 which exposes to the flowing air. With each increment 𝑑𝑥 from 0 to 𝐿 along the distance 𝑥, the contact 

330 area between air and load increases progressively from 0 to 𝑆 due to the blanket swelling. Thus, the 

331 differential equations can be formulated in terms of 𝑑𝑆 rather than 𝑑𝑥. As an initial approximation, the 

332 thermal inertia of the air and the wet fabric blanket are neglected in comparison to that of the load. 

333 Radiation heat exchange is also neglected due to the slight temperature differences between surfaces. 

334 Based on these presumptions, the heat and mass balances can be derived as follows.
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Fig. 8 1D simplified heat and mass transfer diagram.

335 It was assumed that the fabric blanket (temperature 𝑇𝑓) remained wet throughout the duration under 

336 consideration and it exchanges heat by convection with air (temperature 𝑇𝑎, moisture concentration 𝐶𝑎, 

337 heat transfer coefficient ℎ𝑓) and with the load (temperature 𝑇𝑙, heat transfer coefficient ℎ𝑙). 

338 Simultaneously, water evaporation flux from the fabric blanket into air (mass transfer coefficient 𝑘𝑓) can 

339 be represented by Eq. (10):

ℎ𝑙(𝑇𝑙 ― 𝑇𝑓) + ℎ𝑓(𝑇𝑎 ― 𝑇𝑓) = 𝐽𝑣𝐿𝑣 (10)

340 where 𝐿𝑣 is the latent heat of evaporation of water (J·kg–1) and 𝐽𝑣 is evaporation flux (kg·s–1·m–2) given 

341 by Eq. (11):

𝐽𝑣 = 𝑘𝑓(𝐶𝑠𝑎𝑡(𝑇𝑓) ― 𝐶𝑎) (11)

342 where 𝐶𝑎 is moisture concentration in air (kg·m–3) and 𝐶𝑠𝑎𝑡(𝑇𝑓) is saturated moisture concentration at 

343 the fabric blanket temperature. Approximately, the saturation moisture concentration can be determined 

344 by a second-degree polynomial function of the form: 𝐶𝑠𝑎𝑡(𝑇𝑓) = 𝑐1 + 𝑐2𝑇𝑓 + 𝑐3𝑇2
𝑓. The substitution of 

345 this polynomial function and Eq. (11) into Eq. (10) results in a simple equation to calculate the fabric 

346 blanket temperature Eq. (12).

𝛽1𝑇2
𝑓 + 𝛽2𝑇𝑓 + 𝛽3 = 0 (12)
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347 where 𝛽1 = 𝑐3𝑘𝑓𝐿𝑣, 𝛽2 = 𝑐2𝑘𝑓𝐿𝑣 + ℎ𝑙 + ℎ𝑓 and 𝛽3 = (𝑐1 ― 𝐶𝑎)𝑘𝑓𝐿𝑣 ― ℎ𝑙𝑇𝑙 ― ℎ𝑓𝑇𝑎.

348 The air (volumetric flow rate 𝑉𝑎) exchanges heat and water with the wet fabric blanket as previously 

349 mentioned and this air also exchanges heat with the external air (temperature 𝑇𝑒𝑥𝑡, heat transfer 

350 coefficient ℎ𝑒𝑥𝑡):

𝜌𝑎𝑐𝑝𝑎𝑉𝑎
∂𝑇𝑎

∂𝑆 = ℎ𝑓(𝑇𝑓 ― 𝑇𝑎) + ℎ𝑒𝑥𝑡(𝑆𝑒𝑥𝑡 𝑆)(𝑇𝑒𝑥𝑡 ― 𝑇𝑎) (13)

351 where 𝑆𝑒𝑥𝑡 is the surface of the cargo in contact with external air. Water evaporation flux increases the 

352 moisture concentration in the air, which can be expressed as:

𝑉𝑎
∂𝐶𝑎

∂𝑆 = 𝐽𝑣 (14)

353 The load temperature evolution can be then estimated from:

𝜌𝑙𝑐𝑝𝑙𝑒
∂𝑇𝑙

∂𝑡 = ℎ𝑙(𝑇𝑓 ― 𝑇𝑙) (15)

354 Eqs. (10) to (15) can be solved numerically by space and time discretization. However, Eqs. (10) to (14) 

355 can be solved only by space discretization in two special cases of particular interest: the initial case where 

356 the load temperature is known and the equilibrium case where the load temperature reaches the fabric 

357 temperature. This allows notably to determine the fabric blanket temperatures (𝑇𝑓) near the inlet and the 

358 outlet in the beginning and at equilibrium. In fact, 𝑇𝑓 varies slightly and it can be assumed that 𝑇𝑓 changes 

359 progressively from its initial value (𝑇𝑓,0) to the equilibrium value (𝑇𝑓,𝑒𝑞) with the same characteristic 

360 time (𝜏) as the load temperature evolution. Therefore, instead of solving directly Eqs. (10) to (15), it is 

361 possible to solve first Eqs. (10) to (14) for initial and equilibrium conditions. Then, Eq. (15) can be solved 

362 together with Eq (16):

𝑇𝑓 = 𝑇𝑓,𝑒𝑞 + (𝑇𝑓,0 ― 𝑇𝑓,𝑒𝑞)exp( ― 𝑡 𝜏)   where   𝜏 =
𝑚𝑙𝑐𝑝𝑙

ℎ𝑙𝑆
(16)

363 The order of magnitude of the heat and mass transfer coefficients (ℎ𝑙, ℎ𝑓 and 𝑘𝑓) were first approximated 

364 from the measured load temperature evolution. The air moisture concentration increased from inlet to 

365 outlet using heat and mass balances and assuming that 𝑇𝑓 is close to the inlet bulk temperature. 
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For ℎ𝑙:  
𝑇𝑙 ― 𝑇𝑓

𝑇𝑙0 ― 𝑇𝑓
= exp( ― 𝑡 𝜏)   where   𝜏 =

𝑚𝑙𝑐𝑝𝑙

ℎ𝑙𝑆
(17)

For 𝑘𝑓:
𝐶𝑠𝑎𝑡(𝑇𝑓) ― 𝐶𝑎,𝑜𝑢𝑡 
𝐶𝑠𝑎𝑡(𝑇𝑓) ― 𝐶𝑎,𝑖𝑛

= exp ( ― 𝑘𝑓𝑆
𝑉𝑎

) (18)

366 Then, ℎ𝑓 can be estimated from the Lewis relation assuming that ℎ𝑓 𝑘𝑓≅𝜌𝑎𝑐𝑝𝑎 (Çengel and Ghajar, 

367 2020). The external heat transfer coefficient (ℎ𝑒𝑥𝑡) of 10 W·m–2·K–1 was assumed due to natural 

368 convection (Laguerre et al., 2012). The values of the input parameters used in the model are summarized 

369 in Table 2. 

370 Table 2 Input parameters used in the model.

Input parameter Symbol Value Reference
Regression coefficients 𝑐1

𝑐2
𝑐3

2.6880×10–5

4.9010×10–5

5.5957×10–3

Fitting the saturation moisture 
concentration (𝐶𝑠𝑎𝑡) derived 
from saturation vapor pressure 
of water (𝑝𝑠𝑎𝑡) between 0 and 
40 °C (Huang, 2018).

Molar mass, kg·mol–1

- Air
- Water

𝑀𝑎
𝑀𝑣

0.02897 
0.018015

Çengel et al. (2019)
Çengel et al. (2019)

Universal gas constant, 
J·mol–1·K–1

𝑅𝑢 8.31447 Çengel et al. (2019)

Latent heat of 
evaporation of water, 
kJ·kg–1

𝐿𝑣 2257 Çengel et al. (2019)

Specific heat capacity
- Air
- Polypropylene
- Low-density 
polyethylene

𝑐𝑝𝑎
𝑐𝑝,𝑝𝑝
𝑐𝑝,𝑝𝑒

1005 J·kg–1·K–1

1800 J·kg–1·K–1

2100 J·kg–1·K–1

Çengel et al. (2019)
Professional Plastics (2024)
Professional Plastics (2024)

Heat transfer coefficient, 
W·m–2·K–1

- External
- Fabric

- Load

ℎ𝑒𝑥𝑡
ℎ𝑓

ℎ𝑙

10 
4.4, 6.7, and 10.5
at 0.8, 2.2, and 3.6 m·s–1, 
respectively
1.6, 3.5, and 7.2 at 0.8, 2.2, 
and 3.6 m·s–1, respectively

Laguerre et al. (2012)
Calculation using Eq. (17)

Calculation using Eq. (18) and 
Lewis relation
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371 Let SIH1 and the S4H7 in the middle plane represent the loads near the inlet and the outlet, respectively. 

372 To address the worst-case scenario (the warmest location where the product quality is the most impacted) 

373 and considering the significantly lower airflow velocities observed in weakly ventilated zones compared 

374 to near the inlet and short-circuit pathways (Section 2.2.2), the applied airflow rate was reduced to only 

375 10% of the inlet airflow rate. A comparison between the calculated load temperature evolution (solid 

376 line) and the measured value (dot line) showed good agreement, as shown in Fig. 9. The mean relative 

377 error (MRE) between measured and calculated load temperature evolutions was calculated using Eq. (19) 

378 and the maximum value was 1.2%.

𝑀𝑅𝐸(%) =
1
𝑁

𝑁

𝑖=1
|𝑥𝑐𝑎𝑙,𝑖 ― 𝑥𝑒𝑥𝑝,𝑖

𝑥𝑒𝑥𝑝,𝑖 | × 100 (19)

379 where 𝑥𝑒𝑥𝑝 and 𝑥𝑐𝑎𝑙 are measured and calculated values, respectively. N is number of measured data (𝑁 

380 = 91 for each inlet velocity).

381 The simplified heat and mass transfer models developed in this study can be used to estimate the load 

382 temperature evolution near to the inlet and outlet, while the values of model input parameters are 

383 provided. 

Fig. 9 Comparison between measured (dot line) and calculated (solid line) load temperature evolutions 

near (a) the inlet (S1H1) and (b) the outlet (S4H7) for three different inlet air velocity: 0.8, 2.2 and 

3.6 m·s–1.
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384 3.5 Quality preservation performance

385 The performance of the EC system with the wet fabric blanket to preserve vegetable quality was 

386 investigated using lettuce as a case study. The inlet air velocity was maintained at 3.6 m·s−1 throughout 

387 the experiment. In the initial experiment (Exp. 1), time-averaged ambient air temperature and relative 

388 humidity were 28.8 ± 0.2 °C and 65.4 ± 2.8 %RH, respectively corresponding to the wet-bulb temperature 

389 of 23.8 ± 0.4 °C.

390 Fig. 10 illustrates the temperature variations of the products in various baskets on the left and the middle 

391 of the cargo chamber and outside considered as control. It was observed that the temperature of the 

392 products in all baskets decreased due to the EC effect. However, the temperature reduction rate varied 

393 with the basket positions in the chamber. As depicted in Fig.10a and 10b, the products in the top baskets 

394 (S1H1 and S4H1) experienced the higher temperature decrease (4-5 °C) compared to those in the bottom 

395 baskets (S1H7 and S4H7, 2-3 °C). This discrepancy could be attributed to the higher air velocity around 

396 the top baskets compared to that around the bottom ones, as discussed in Section 3.2. Across all baskets 

397 within the cargo chamber, the product temperatures remained at least 2 °C lower than the ambient 

398 temperature for at least 17 hours (12 PM to 5 AM). This finding contrasts with that of Chopra et al. 

399 (2022), who observed that the temperature within the EC store was higher than the exterior temperature 

400 during nighttime temperature minima. This discrepancy may be attributed to the lower humidity 

401 conditions observed in our study.

402 The products in the baskets located outside the cargo chamber also exhibited a temperature decrease of 

403 about 1-2 °C during the initial 4 hours (Fig. 10c), gradually approaching the ambient temperature 

404 thereafter. This phenomenon could be attributed to water evaporation from the lettuce itself as evidenced 

405 by the results of mass loss, as presented Fig. 11.
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Fig. 10 Product temperature variations in various baskets: inside (a) on the left and (b) in the middle 

of the cargo chamber and (c) outside the cargo chamber. Indices of baskets (S#H#) refer to Fig. 5;  

DBT = Dry-Bulb Temperature.

406 The products kept inside the cargo chamber experienced a mass loss of less than 6%, whereas those 

407 placed outside the cargo chamber suffered almost 10% mass loss. The increase in the mass loss of leafy 

408 vegetables coincides closely with the loss of moisture content during storage. Typically, if a moisture 

409 loss exceeds 4%, it can lead to quality deterioration through wilting and shriveling, rendering the products 

410 unmarketable (Lufu et al., 2020). As depicted in Fig. 11b, the products kept inside the cargo chamber 

411 experienced a defective loss of 30-40%, while more than 50% of the products placed outside the cargo 

412 chamber were lost. As shown in Fig. 12, the baskets outside the cargo chamber contained more welted 

413 and limp lettuce than those inside the cargo chamber. The higher temperature in the basket outside the 

414 cargo chamber may elevate the respiration and transpiration rates of the vegetables and promote the 

415 growth of contaminated microorganisms. This led to greater levels of mass loss, defective loss, and 

416 undesirable appearance compared to the vegetables inside the cargo chamber. Based on the cumulative 
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417 respired CO2 calculated using Eq. (9), it was found that the cumulative respired CO2 of products stored 

418 in the baskets inside the cargo (1.40×10–8 g·kg–1, average of 8 baskets) was averagely 10% smaller than 

419 those outside the cargo chamber (1.55×10–8 g·kg–1, average of 3 baskets). This suggests that the storage 

420 life of the products inside the cargo changed at a slower rate than those outside.

Fig. 11 Percentage of (a) mass loss and (b) defective losses of lettuce after kept inside and outside the 

cargo chamber for 20 hours. M = Baskets in the middle stack inside the cargo box; L = Baskets on the 

left stack inside the cargo box; C = Baskets outside of the cargo box (control).

Fig. 12 Visual appearance of lettuce in the baskets after 20-h storage (a) inside and (b) outside the 

cargo chamber.

421 The experiment (Exp. 2) was repeated under the time-averaged ambient air temperature of 25.6 ± 0.2 °C 

422 and the relative humidity of 64.5 ± 2.9 %RH. The consistent results were obtained in terms of temperature 
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423 reduction rate and product mass loss as shown in Fig. 11. These finding demonstrated that the EC system 

424 with the wet blanket has a potential to preserve vegetable quality during transportation.

425 4. Conclusions

426 The present experimental study investigated the EC performance in terms of both temperature reduction 

427 and product quality preservation utilizing a wet fabric blanket. The air and load surface temperatures 

428 were measured using calibrated T-type thermocouples and relative humidity by hygrometers. Under 

429 tropical climate conditions (29-30 °C and 70-75 %RH), this EC system demonstrated the capability to 

430 achieve at steady state a temperature reduction (air or load surface) of approximately 3.6-4.4 °C when 

431 operated with an inlet air velocity of 3.6 m·s⁻¹. Furthermore, this EC system led to an increase in relative 

432 humidity ranging from 80% to 100%, resulting in a favorable impact on the freshness of horticultural 

433 produce. The influence of inlet air velocity on temperature reduction was also examined, revealing a 

434 decrease in temperature reduction as the inlet air velocity decreased. At the lowest inlet air velocity of 

435 0.8 m·s⁻¹, an air temperature reduction of approximately 2.4-3.4 °C was achieved. The simplified model 

436 of heat and mass transfers was developed allowing the estimation of load temperature evolution, which 

437 can be used by the stakeholders as an indicator of quality evolution.

438 The percentages of mass loss and defective loss of lettuce were measured after 20 hours of storage both 

439 inside and outside the cargo chamber. The results indicated that the mass loss for lettuce stored inside 

440 the cargo chamber ranged from 3-6%, whereas it ranged from 8-10% for lettuce stored outside. Similarly, 

441 the defective loss was lower for lettuce stored inside the cargo chamber, ranging from 30-40%, compared 

442 to more than 50% for lettuce stored outside. Moreover, the relative change in storage life of the products 

443 in the cargo chamber was about 10% slower.

444 The experimental data (temperature, humidity, product mass loss and defective losses) will be used to 

445 develop a quality model in a future study. The load temperature and quality models would be a useful 

446 numerical tool to predict the product quality at a sale point.

447 Overall, the findings of this study suggest the potential of using a wet blanket as an EC medium, offering 

448 a viable short-term solution to enhance cold chain logistics in Thailand before the establishment of a 

449 fully-fledged infrastructure.
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