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Abstract: The efficiency of different thermal insulation covers in minimizing temperature fluctu-
ations in cool chain management was investigated to reduce postharvest loss and maintain okra
quality during storage and transportation. The four thermal insulation covering materials: (1) heat
reflective sheet with thin nonwoven (HRS + TNNW), (2) heat reflective sheet with thick nonwoven
(HRS + TKNW), (3) metalized Tyvek® (MTyvek) and (4) metalized foam sheet (MFS) were studied
and compared with perforated linear low-density polyethylene (P-LLDPE) as the typical handing
package for okra distribution alongside no covering as the control. The material properties, transpira-
tion rate, vital heat, temperature profiles (air and pulp temperatures), relative humidity, mass loss
and incidence of decay were determined throughout a simulated supply chain. Results exhibited
that HRS + TNNW and HRS + TKNW covers had the lowest thermal heat energy (Qx) and moderate
R-value. These two covers maintained low temperature fluctuation with the lowest rate of air and
pulp temperature changes, reflecting in lowest mass loss and decay in okra. The HRS + TNNW
cover yielded less decay (1%) in okra, compared to commercial covers; MTyvek (16%) and MFS
(9%). Results showed that HRS + TNNW exhibited great potential as a thermal insulation cover to
reduce postharvest loss in okra (5%) compared to typical handling (11–18%) and could be considered
as alternative material to reduce the use of foam sheets in cool chain management distribution
packaging of okra under ambient environment conditions.

Keywords: cool chain management; covering material; nonwoven; metalized foam sheet

1. Introduction

Okra (Abelmoschus esculentus L.) belongs to the Abelmoschus genus of the Malvaceae
family [1]. Okra is an economic vegetable crop grown in Thailand and exported to global
markets, especially Japan, Hong Kong, Switzerland, Germany and the United Arab Emi-
rates. Japan is the main importer of fresh okra from Thailand (worth approximately
5.50 million USD) per annum and accounts for 82.6% of the total exported okra volume [2].
Concerns in okra production, including fruit quality determination, inadequate harvesting
procedures, okra harvester training levels, lack of suitable transportation and insufficient
pre-cooling facilities, have all been cited as problems for marketable okra [3].

Optimal storage conditions of okra to extend shelf-life from 7 to 10 days range from 7
to 10 ◦C with a relative humidity (RH) 95 to 100% [4]. Higher temperatures than 25 ◦C result
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in unmarketable quality and a shorter shelf-life of 3 days [5–7]. At high temperature, okra
is susceptible to water loss, color fading and rotting with consequent loss of commercial
value [8]. Okra has a high respiration rate, therefore, temperature is the most significant
environmental factor affecting the postharvest quality. Increase in storage temperature to
25–27 ◦C resulted in an elevated respiration rate (328–362 mg CO2 kg−1 h−1) compared
with a lower temperature storage at 4–5 ◦C (53–95 mg CO2 kg−1 h−1) [4]. Mass losses of
okra at 5 ◦C, 10 ◦C and 25 ◦C after 5 days storage were 10%, 16% and 27%, respectively [5].

Cool chain management is an end-to-end controlled temperature process used to
preserve the quality of commodities throughout the supply chain [9]. Cool chain manage-
ment prevents biological decay and ensures the delivery of healthy, high-quality foods
to customers. The optimal storage temperature range for fruits and vegetables is 0 to
16 ◦C [10]. Several studies have investigated cooling and storage cold chain management
of okra [4,5,7,11–13]. For heat removal after harvesting, forced-air cooling was recom-
mended for the handling of exported okra [14]. In India, room cooling at 15 ◦C was applied
to exported okra before storage at 8 ◦C [15]. Recently, room cooling at 0 ◦C for 2 h was
applied in combined with usage of thermal insulation covering materials, to reduce decay
incidence and mass loss of okra in Thailand [16].

Material properties including thickness, number of surfaces and number of reflective
surfaces are important factors that determine insulating ability of the materials [17]. The
most common thermal insulation materials used for pallet cover applications such as
polystyrene, aluminum foil and nonwoven fabrics were described in terms of material
properties, particularly thermal conductivity. A lower thermal conductivity that restricted
heat transfer provided improved thermal insulation property [18]. Polystyrene foam and
polyurethane have the lowest thermal conductivity of the possible materials used, followed
by nonwoven fabrics or polypropylene. Aluminum foil is a reflective insulation material
composed of one or more low-emission surfaces that provides high thermal conductivity
and reflects heat to effectively minimize heat radiation [19]. Aluminum foil as pallet cover
material is used on its own and combined with expanded polyethylene (EPE) as foam sheet
for fresh produce covering [20].

Thermal insulation packaging minimizes the rate of temperature change and is used
for up to 50% of chilled food [21]. Investigations have been extensively undertaken on
thermally insulated packaging boxes for food delivery and pallet covers for fresh produce
during distribution and transportation [18,20,22,23]. Pallet covers are used as packaging to
minimize waste from food spoilage by delaying rapid changes of temperature and humidity
in amaranth [20], chard, cucumber, carrot [22], and strawberry [23]. However, limited
studies have addressed the positive impacts of pallet covers in reducing postharvest loss of
fresh fruits and vegetables. Previous research studies have addressed thermal insulation
covering of fresh fruits and vegetables, but no reports are available for okra or other high
respiration rate crops. Most previous studies of thermal insulation coverings on fresh
produce only focused on controlling temperature, with no examination of fresh produce
quality. Recently, the first report on thermal insulation packaging of fresh produce was
done to evaluate efficiency of thermal insulation covering materials combined with room
cooling for controlling temperature fluctuation and reduction of postharvest mass loss
and decay of okra. Results suggested that room cooling at 0 ◦C for 2 h for heat removal
was important before covering with thermal insulation materials. Combined room cooling
with two-layer heat reflective sheet with thin nonwoven (HRS + TNNW) as a developing
handling exhibited the highest efficiency for preserving cool temperature and reducing
postharvest loss of okra (mass loss and decay) (15%) compared to typical handling (no room
cooling and covering) (65%), covering with perforated linear low-density polyethylene
(59%) and metalized foam sheet (MFS) (27%). Furthermore, the difference in postharvest
loss between no room cooling and room cooling observed in HRS + TNNW and MFS
treatments were 11% and 25%, respectively. This indicated that room cooling plays an
important role in maintaining the okra quality as a pretreatment before covering with
thermal insulation material [16].
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According to domestic transportation of okra from community enterprise in Phayao
province (in the northern part of Thailand) to food factories (in the central part of Thailand),
high temperature and relative humidity fluctuations in transportation vehicles caused
postharvest losses of okra such as wilting heat damage and decay. Poor cooling facil-
ities, including no pre-cooling, no cooling storage and non-refrigerated vehicle during
transportation, all caused physiological loss. Losses of perishable crops due to a lack
of refrigeration were higher in developing countries (23%) than in developed countries
(9%) [24]. In this study, a prototype of thermal insulation covering was designed by com-
bining materials between heat reflective sheet and thin nonwoven (HRS + TNNW) as an
alternative to foam-based material to minimize okra postharvest losses and transportation
cost. The objectives of this study were: (1) to investigate the performance of different ther-
mal insulation covering materials in controlling temperature fluctuations under storage
and transportation temperature conditions, and (2) to evaluate the reduction of postharvest
loss and the quality of okra, when covered with thermal insulation materials.

2. Materials and Methods
2.1. Determination of Material Properties

Thermal insulation materials employed for covers were perforated linear low-density
polyethylene (P-LLDPE), thin nonwoven (TNNW), thick nonwoven (TKNW), heat reflec-
tive sheet (HRS), metalized Tyvek® (MTyvek) and metalized foam sheet (MFS). Their
thermal properties as rate of heat energy (Qx), R-value, water vapor permeability (WVP)
and air permeability were determined. Six replicates were tested and average values
were reported.

Equipment settings and thermal heat energy measurements were performed following
the procedure of Harvey [25] and our previous research [16]. Briefly, rate of thermal heat
energy (Qx) was determined as the rate at which heat energy passed through the material
by using two expanded polystyrene (EPS) boxes with a hole (10 × 10 cm2) between two
chambers. Temperature data loggers (Tinytag Talk 2: TK-4014-PK, Gemini Data Loggers,
Chichester, West Sussex, UK) were used to monitor the temperature change between the
two chambers for 3 h until constant, and the transfer rate of thermal heat energy (Qx) in
J s−1 unit was calculated.

Water vapor permeability (WVP) was examined for different insulation materials
using the desiccant in cup method. Following ASTM96 [26], the specimen or cover material
(20 cm2) was sealed to the open mouth of a test dish containing a desiccant and placed
in a constant climate chamber (KBF-115, Binder, Tuttlingen, Germany) at 25 ◦C with
50% relative humidity (RH). WVP was calculated as rate of water vapor transmission in
g h−1 m−2 unit. Air permeability was determined using an air permeability tester (FX
3300 LabAir IV, Textest Instruments, Schwerzenbach, Switzerland) according to ASTM
D737-04 [27]. The thermal insulation materials were cut into 20 × 20 cm2 squares and
results were reported in L m−2 s−1 unit.

The R-value was calculated as resistance to heat flow through the thermal insulation
material using the ice-melt procedure of Singh et al. [18]. To calculate the melt rate, the
weight of water was reported as m2 ◦C W−1 unit using Equation (1):

System R-value = (Surface area × Temperature difference)/(Melt rate × Latent heat) (1)

where, surface area is inside surface area of the thermal insulation cover (m2), temper-
ature difference (◦C) is ambient temperature− - melting point of ice (25 ◦C − 0 ◦C = 25 ◦C),
melt rate (kg h−1) is weight of water collected divided by test time, latent heat is 335 kJ kg−1.

2.2. Plant Materials and Treatments

‘Lady Finger’ okra pods were harvested around 45 days after planting or 6 days after
flowering (September 2019) from the okra plantation (latitude 20◦13′27.2′′N longitude
99◦50′05.2′′E) in Mae Chan district, Chiang Rai Province, Thailand. The okra pods (5 kg)
were carefully transferred into 10 kg plastic baskets to protect against bruising or abrasion
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from the farm to the Postharvest Laboratory (S7) at Mae Fah Luang University within
30 min. After arrival at the laboratory, okra pods were graded for size uniformity with pod
length of 7 to 11 cm (specific size for okra processing) and sorted according to minimum
requirements; fresh, green in color, free distinct signs of bruising, smooth and clean at
pedicel cut surface. The okra pods (1500 g) were packed in plastic baskets for room cooling
treatment for 2 h by setting the cooling medium at 0 ◦C. The pulp temperature of okra was
monitored, using a multichannel data logger (Hioki, LR8431, Nagano, Japan) connected
with a type-K thermocouple for 10 channels (plastic baskets), to check uniformity of pulp
temperature during room cooling treatment. The final pulp temperature of packed okra
in all baskets reached 9 ◦C after room cooling for 2 h. After cooling, the okra pods were
packed in six treatments of different insulation materials (four treatments and P-LLDPE),
including no cover as a control.

Six treatments with five replicates included five covering materials; P-LLDPE,
HRS + TNNW, HRS + TKNW, MTyvek and MFS (Figure 1) with size of 18 × 32 × 12 cm3,
compared with control (no cover). The HRS material was evenly perforated with a pin
of diameter 0.55 mm to give total perforation area of 0.09 cm2. Two layers of covers as
HRS + TNNW and HRS + TKNW were prepared by attaching HRS and NW via spot bond-
ing (Figure 2). Following the postharvest handling of okra from community enterprise in
Phayao province, all six treatments were transferred to simulated storage at 18 ± 2 ◦C for
48 h, followed by simulated transportation. at 30 ± 1 ◦C for 15 h.

Figure 1. Five insulation materials as treatments.

Figure 2. Function design of the combination between HRS and NW materials.

2.3. Determination of Air and Pulp Temperature in Okra

Air and pulp temperatures inside the okra pod were measured at 30 s intervals from
the start of cooling using two types of temperature data loggers; air temperature (Tinytag
Talk 2: TK-4014-PK, Gemini Data Loggers) with three replicates and pulp temperature
(Tinytag Talk 2: TK-4023-PK, Gemini Data Loggers, Chichester, West Sussex, UK) with four
replicates. Percentage RH level was determined by a temperature and relative humidity
data logger (Tinytag Ultra 2: TGU-4500, Gemini Data Loggers, Chichester, West Sussex,
UK) at intervals of 30 s.

Measured air and pulp temperatures were analyzed using a boxplot at 12 h after
simulated storage and transportation. Rates of temperature changes (◦C h−1) during
temperature rise after cooling to 25 ◦C for temperature ranges of 25 ◦C to 30 ◦C were
calculated. Median value temperatures were presented as boxplots and included accumu-
lated time-temperature (ATT) (◦C h) throughout the simulated supply chain. Heatmap
analyses representing air and pulp temperature levels during 12 h after simulated storage
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and transportation were presented. Heatmap visualizations were created using MATLAB
Software version R2018a (MathWorks Inc., Natick, MA, USA) in this study.

For thermal imaging, temperatures were immediately recorded by a thermal camera
(FLIR ONE® Pro LT, Teledyne FLIR, Wilsonville, OR, USA) after removing the cover to
provide a rapid visual comparison at the end of simulated transportation.

2.4. Determination of Respiration Rate and Vital Heat

The rate of okra respiration was measured in a closed system, as shown in Figure 3.
The details of the test set up were described elsewhere in our previous study [16]. Briefly,
the okra pods (150 g) were packed in a plastic food container (8400 mL) under three storage
temperature conditions (10, 20, 30 ◦C) with a range of 70–90% RH with three replicates in
each condition. Gas was sampled for CO2 detection at day 2 (48 h) and day 3 (72 h) and
analyzed by a gas chromatograph (GC) (7890A, Agilent Technologies, Santa Clara, CA,
USA). Respiration rate (Rc) for respiration was calculated to unit of mL CO2 kg−1 h−1 and
converted to mg CO2 kg−1 h−1 by multiplying conversion figure at 10 ◦C (1.89), 20 ◦C (1.83)
and 30 ◦C (1.77) by Equation (2) [28,29]. The temperature coefficient (Q10) was calculated
by Equation (3) [30]:

Rc (mg CO2 kg−1 h−1) = (%CO2 × V)/(100 × FW × T) (2)

where, CO2 is the concentration of CO2 gas (%), V is volume of container (mL), FW is fruit
weight (kg) and T = closing time (h):

Q10 = (R2/R1)10/(T2 − T1
)

(3)

where, R2 and R1 are the respiration rate at temperature T2 and T1, respectively.

Figure 3. Determination of respiration rate and vital heat.

The calculated Q10 values on day 2 (48 h) and day 3 (72 h) (Table 1) were then employed
to estimate the respiration rate of okra pods (Re) at various air temperature levels inside
different covers and no cover. Air temperatures in either covers or no cover were recorded
using a temperature data logger (Tinytag Talk 2: TK-4014-PK, Gemini Data Loggers,
Chichester, West Sussex, UK) under simulated storage (18 ◦C for 48 h) and transportation
(30 ◦C for 15 h) temperature conditions. The air temperature level for estimation of
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okra respiration rate (Re) in each cover treatment was determined from the median air
temperature after simulated storage and transportation (Section 2.3). Respiration rates
(Rc) at 20 ◦C after 48 h and at 30 ◦C after 72 h were used to estimate okra respiration rate
under simulated storage and transportation (Section 2.3). Estimated respiration rates of
okra among treatments were calculated using Equation (4):

Re = Rc × Q10
(T2 − T1)/10 (4)

where, Re is the estimated respiration rate of okra in each cover or no cover, Rc is the
respiration rate from closed system, T2 is the final air temperature after simulation, and T1
is the initial air temperature before simulation.

Table 1. Okra respiration rate in a closed system after three storage conditions at (10, 20 and 30 ◦C)
for 2 and 3 days.

Temperature (◦C)
Rc (mg CO2 kg−1 h−1) Q10

Day 2 Day 3 Day 2 Day 3

10 183.33 195.26
1.40 1.51

20 245.11 276.68
1.37 1.46

30 333.15 399.05

A heat production (2.55 cal) from respiration is calculated by a CO2 production of 1 mg.
A respiration rate of 1 mg CO2 kg−1 h−1 indicates a heat production of 61.2 kcal ton−1 day−1.
In this study, vital heat from respiration of okra was calculated and converted into a unit of
J kg−1 h−1 from kcal ton−1 day−1 in Equation (5) [31]:

Vital heat (J kg−1 h−1) = Re × 10.7 (5)

2.5. Determination of Transpiration Rate

The transpiration rate was calculated from the mass of okra pods using an electric
weighing balance (PioneerTM, Ohaus, Parsippany, NJ, USA). Initial mass before cooling
and final mass at the end of storage simulation (18 ◦C for 48 h) and transport simulation
(30 ◦C for 15 h) were determined. Transpiration rate was calculated per unit of surface area
(TRA) in g h−1 m−2, given by Equation (6) [32]:

TRA = (mi −mt)/(t × A) (6)

where, mi is the initial fruit mass (g), mt is the mass of fruit at time (g), t is time (h) and A is
the surface area of the fruit (m2).

Surface area of the okra pod was calculated by Equation (7) [33]:

S = πDg
2 (7)

where, S is surface area (m2) and Dg is geometric mean.
The geometric mean of okra was estimated calculation for the cylindrical nature of

okra pod shape (Figure 4) by Equation (8) [33]:

Dg =
3
√

L × W2 (8)

where, L is length (m) and W is width (m).
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Figure 4. Geometry of an okra pod shape.

2.6. Mass Loss Determination

Mass loss of okra pods was determined using an electric weighing balance (PioneerTM,
Ohaus). Percentage mass loss (%) was calculated on the basis of initial weight (IW) before
cooling and final weight (FW) at the end of simulated storage (18 ◦C for 48 h) and simulated
transportation (30 ◦C for 15 h) by the equation WL (%) = [(IW − FW/IW] × 100.

2.7. Incidence of Decay

The decay of okra pods was described in four categories as <10% of decay occurrence,
10–25% of decay occurrence, 25–50% of decay occurrence and >50% of decay occurrence.
The initial decay symptom exhibited tissue damage containing a small-soaked lesion or the
whole pod covered up with a grayish-white mass of mold. The okra pods of each decay
symptom were categorized and weighed (D). The percentage decay (%D) in each category
was determined on the basis of total weight per plastic basket of pods after storage at 18 ◦C
for 48 h (TW) using; D (%) = [(D/TW) × 100] [34]. Incidence of decay was determined at
the end of simulated transportation.

2.8. Statistical Analysis

SPSS for Windows version 20 (SPSS Inc., Chicago, IL, USA) was used for statistical,
correlation and cluster analyses. Data analyses for material properties, transpiration rate,
vital heat, rate of temperature change, mass loss rate and incidence of decay among the six
treatments were compared by mean (α = 0.05) using Tukey’s HSD test. All data variables
among six treatments were analyzed using Pearson correlation analysis at the 0.01 level.
Material properties, transpiration rate, vital heat, rate of air and pulp temperature changes,
accumulated time-temperature, mass loss and incidence of decay from the six treatments
were determined as clustering analysis using Ward’s coefficient by agglomerative hierar-
chical clustering.

3. Results and Discussion
3.1. Materials Properties

Properties of covering materials including thickness, Qx, R-value, WVP and air per-
meability were shown in Table 2. P-LLDPE (thickness of 0.120 mm) having low insulation
property exhibited the highest thermal heat energy value (Qx) of 3.750 × 10−4 J s−1, while
MFS (thickness of 3.100 mm) with high insulation property exhibited the lowest thermal
heat energy (1.440 × 10−4 J s−1). A high R-value of material indicates high insulation
property that relates to low thermal heat energy value. Highest R-value of MFS was
0.223 m2 ◦C W−1 followed by HRS (0.214 m2 ◦C W−1), MTyvek (0.208 m2 ◦C W−1), TKNW
(0.194 m2 ◦C W−1), TNNW (0.181 m2 ◦C W−1) and P-LLDPE (0.161 m2 ◦C W−1). Heat
transmission played a role in temperature transfer and material property that explained
the performance of temperature preservation by material covers [22,35]. Heat transfer
can be defined as the transmission of energy that results in a temperature differential [35].
Thermal heat energy (Qx) and R-value variables were the principal thermal insulation
qualities in this investigation (Table 2). Highest insulation property was observed in MFS
that had the lowest thermal heat energy as well as the highest R-value, while MTyvek
and HRS materials had lower Qx and greater R-value levels than the two nonwovens of
different thicknesses (TKNW and TNNW). Regarding thermal heat energy (Qx), lower Qx
level indicated lower heat transfer rate (good insulator) through the material layer [25]. In
thermal insulation material applications, the thickness of materials (conduction), the bulk
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movement of fluids (heat transfer between solid and fluid) (convection) [35], and number
of reflective surfaces (radiation) affect the insulating ability [17]. The thermal insulation
material prototype was designed as HRS combined with either TNNW (0.270 mm) or
TKNW (0.470 mm) to increase insulation property. Developing a thermal insulation mate-
rial for okra package cover improved more conduction by increasing nonwoven thickness,
convection by increasing the number of layer materials and reflective surface by applying
HRS with nonwoven material.

Table 2. The properties of six covering materials (thickness, thermal heat energy, WVP, R-value and air permeability).

Material Thickness (mm) Thermal Heat Energy
(Qx × 10−4) (J s−1)

R-Value
(m2 ◦C W−1)

Water Vapor
Permeability
(g h−1 m−2)

Air Permeability
(L m−2 s−1)

P-LLDPE 0.131 ± 0.20 e 3.750 ± 0.07 a 0.161 ± 0.00 d 0.360 ± 0.03 a 172.801 ± 5.85 b

TNNW 0.282 ± 0.10 d 3.255 ± 0.04 b 0.181 ± 0.00 c 0.373 ± 0.11 a 917.000 ± 64.27 a

TKNW 0.478 ± 0.28 c 3.148 ± 0.00 b 0.194 ± 0.00 c 0.0083 ± 0.00 b 168.623 ± 21.70 b

HRS 1.445 ± 0.02 b 2.368 ± 0.15 c 0.214 ± 0.01 b 0.000002 ± 0.00 d 0.543 ± 0.07 d

MTyvek 0.127 ± 0.03 e 2.947 ± 0.02 bc 0.208 ± 0.00 b 0.00057 ± 0.00 c 0.497 ± 0.03 d

MFS 3.109 ± 0.01 a 1.440 ± 0.06 d 0.223 ± 0.01 a 0.000008 ± 0.00 d 45.503 ± 4.20 c

Note: Different letters indicate significant differences at p < 0.05. Values are mean ± S.E. from six replicates.

In terms of water vapor permeability (WVP), the partial pressure difference between
inside and outside of the test material impacts moisture gain or loss in the product [36].
From results, TNNW (0.373 g h−1 m−2) and P-LLDPE (0.360 g h−1 m−2) provided higher
WVP than MFS (0.000008 g h−1 m−2) and HRS (0.000002 g h−1 m−2) (Table 2). Similarly,
WVP of LLDPE-based nanocomposite films ranged from 0.07 to 0.31 g h−1 m−2 [37],
and higher than WVP of aluminum foil (0.009 mm) (0.00042 to 0.00051 g h−1 m−2) [38].
Using high WVP materials gives potential to eradicate vapor condensation, thus reducing
microbial activity [36]. Air permeability through TNNW sheet was the highest (917.000
L m−2 s−1), while those through HRS (0.543 L m−2 s−1) and MTyvex (0.497 L m−2 s−1)
were the lowest. MFS and HRS materials had low WVP and air permeability values
(Table 2), resulting in vapor condensation inside the covers. A designed combination of
perforated HRS with either TNNW or TKNW provided good thermal insulation, water
and air permeability and highest overall thermal insulation properties to maintain lower
air and pulp temperature levels (Figure 5) without moisture condensation inside the cover.

3.2. Temperature and Relative Humidity Inside Cover Materials

In postharvest handling, application of insulation packaging for fresh produce to
preserve cool temperature requires cooling treatment before covering. The efficiency of
controlling low temperature was analyzed and presented as a box plot graph (Figure 5).
The means (rhombus symbol) of air and pulp temperature levels inside HRS + TNNW,
HRS + TKNW, MTyvek and MFS treatments (range of pulp temperature (15.5 ◦C) and
range of air temperature (16.8 ◦C)) during simulated storage at 18 ◦C for 12 h were lower
than both no cover and P-LLDPE treatments (range of pulp temperature (16.5 ◦C) and range
of air temperature (17.2 ◦C)) (Figure 5A). Pulp temperature control with low fluctuation was
shown by the large size of boxplot. No cover and P-LLDPE treatments exhibited a narrow
range of cool air temperature (smaller boxplot) compared with the other four thermal
insulation covers (HRS + TNNW, HRS + TKNW, MTyvek and MFS) (larger boxplots)
under simulated storage (Figure 5A,B). During simulated storage at 18 ◦C for 12 h, lower
air and pulp temperature levels observed in these four thermal insulation treatments
corresponded to their lower Qx values and higher R-values, compared to no cover and
P-LLDPE treatments (Table 2). After transferring to a higher temperature (simulated
transportation), MTyvek maintained lower mean air and pulp temperatures (29.5 ◦C and
27.8 ◦C) than the other five treatments (no cover at 30.9 ◦C and 27.3 ◦C, P-LLDPE at 30.7 ◦C
and 29.5 ◦C, HRS + TNNW at 30.8 ◦C and 29.9 ◦C, HRS + TKNW at 30.5 ◦C and 29.5 ◦C and
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MFS at 30.2 ◦C and 28.8 ◦C) as shown in Figure 5B,D. In commercial practice, maximum
temperature inside Tyvek cover of asparagus reduced by 8–9 ◦C compared to no cover [39].

Figure 5. Boxplot of air (A) and pulp (B) temperature profiles during simulated storage at 18 ◦C for 12 h. Air (C) and pulp
(D) temperature profiles during simulated transportation at 30 ◦C for 12 h. The lower and upper quartiles are represented
by boxes. The horizontal line represents the median temperature in each box while the mean temperature is indicated by
(♦). Minimum and maximum temperatures are presented by vertical lines extending above and below each box.

In this study, good temperature control during simulated transportation (Figure 5C,D)
was associated with lower rates of changes in air and pulp temperatures in the four thermal
insulation treatments (Table 3). The no cover treatment showed the highest rates of air and
pulp temperature changes at all conditions (T1 to 25 ◦C and 25 ◦C to 30 ◦C), compared to
P-LLDPE and the four thermal insulation treatments. This indicated that covering with
either P-LLDPE or thermal insulation materials reduced temperature changes under both
simulation conditions (Table 3). These findings further support the idea of Liu [40] study.
A typical double-bubble foil insulation sheet with 97% heat reflectance and a very low heat
conductivity was applied to phosphine fumigation in chilled lettuce. The average rate of
temperature change was 0.173 ◦C h−1. The rise in temperature was only 2.7 ◦C at the end
of the 18 h fumigation treatment at the start of the fumigation (4.5 ◦C).

Table 3. Rates of air and pulp temperature change in six treatments under 15 h of simulated
transportation at 30 ◦C.

Treatment

Rate of Temperature Change(◦C h−1)

Air Temperature Pulp Temperature

T1 to 25 ◦C 25 ◦C to 30 ◦C T1 to 25 ◦C 25 ◦C to 30 ◦C

No cover 18.94 ± 1.20 a 14.05 ± 2.48 a 5.38 ± 0.04 a 3.27 ± 0.28 a***
P-LLDPE 16.11 ± 1.19 ab 4.70 ± 0.44 b 4.21 ± 0.24 b 2.72 ± 0.15 ab

HRS + TNNW 13.35 ± 1.94 bc 2.66 ± 0.63 b 3.36 ± 0.04 c 2.50 ± 0.23 ab

HRS + TKNW 11.41 ± 0.14 bc 2.17 ± 0.38 b 3.02 ± 0.23 cd 2.33 ± 0.09 b

MTyvek 11.15 ± 1.02 bc 1.46 ± 0.30 b 2.72 ± 0.05 d 1.27 ± 0.13 c

MFS 9.26 ± 0.65 c 2.17 ± 0.51 b 2.91 ± 0.06 cd 1.92 ± 0.14 bc

Note: Different letters indicate significant differences at p < 0.05. Values are mean ± S.E. from three (air
temperature) and four (pulp temperature) replicates. *** It is noted that no cover treatment was estimated
temperature at 28 ◦C due to the maximum pulp temperature level at air temperature at 30 ◦C.
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A high rate of temperature change in no cover and P-LLDPE, observed during sim-
ulated storage and transportation, was in good agreement with heatmap results that
exhibited a matrix of red-blue color tones from 0 to 35 ◦C during each hour for 12 h test-
ing (Table 3 and Figure 6). In both simulated storage and transportation conditions, no
cover and P-LLDPE treatments exhibited higher air temperature than the other four cover
treatments (Figure 6A,C), while the other four thermal insulation covers exhibited lower
pulp temperature than no cover and P-LLDPE within 6 h for simulated storage (Figure 6B).
No cover and MTyvek presented a light orange color tone, indicating lower average air
and pulp temperatures during simulated 12 h-transportation compared with the other four
treatments (Figure 6C,D). These heatmap results were corresponding well with results of
thermal imaging that illustrated purple tone color (representing a low pulp temperature)
after simulated transportation at 30 ◦C for 15 h (immediate removal covering) (Figure 7).
This implied that both no cover and MTyvek treatments had higher air ventilation and heat
transfer from inside the cover to the environment under simulated transportation. There-
fore, the thermal image technique could be considered as an additional rapid technique to
monitor the temperature. When temperature assessment is conducted on metalized sheet
material, awareness of the camera emissivity setting [22] as well as the impacts of high
emissivity coatings and orientation of the readings are important [41].

Figure 6. Cont.
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Figure 6. Heatmap chart of air (A) and pulp (B) temperature profiles during simulated storage at 18 ◦C
for 12 h. Air (C) and pulp (D) temperature profiles during simulated transportation at 30 ◦C for 12 h.

Figure 7. Thermal imaging among the six treatments represented pulp temperature after finishing
simulated transportation at 30 ◦C for 15 h (removal covering). Purple and orange color zones
represent cool and warm temperature gradients, respectively.
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HRS + TKNW treatment exhibited the highest accumulated time-temperature (ATT)
of 1396.4 ◦C h followed by MFS (1373.4 ◦C h), MTyvek (1357.8 ◦C h), P-LLDPE (1337.1 ◦C
h) and no cover (1297.0 ◦C h) (Figure 8). The use of thermal insulation covers containing
aluminum sheet (HRS + TNNW, HRS + TKNW and MFS) over 7 h resulted in greater heat
accumulation inside the cover, caused by the high respiration of okra compared with no
cover and P-LLDPE treatments (Figures 5–7). Similarly, our previous study showed that
thermal insulation materials (HRS + TNNW and MFS) tended to build up pulp temperature
of okra under simulated transportation at 30 ◦C for 15 h [16]. This result was consistent
with Bycroft et al. [42] who recommended that long-term covering of asparagus should be
reconsidered due to higher heat accumulation compared to no cover.

Figure 8. Accumulated time-temperature (ATT) (◦C h) among the six treatments after simulated
storage at 18 ◦C for 48 h and simulated transportation at 30 ◦C for 15 h. Different letters indicate
significant differences at p < 0.05. Values are mean ± S.E. from four replicates.

From the results, it was suggested that application of a thermal insulation cover for
okra (high respiration rate crops) under high temperature (25 ◦C) should be less than 7 h
to avoid increased heat accumulation. Application of frozen gel pack helped to reduce
temperature rise of food products (chicken salad and Brie cheese) inside Mylar foil bags
under stress temperature at 37 ◦C [43]. Thus, placement of frozen gel packs is recommended
inside thermal insulation covers to maintain low temperature under condition of extremely
high temperature. Future study on applying thermal insulation covering in other high
respiration rate crops and the use of gel packs or gel phase change materials (PCMs) should
also be considered, while investigating the reduction in browning or blackening from
mechanical damage under actual or simulated transportation would also be beneficial.

Scant research has been conducted on thermal insulation covers in okra or other
high respiration rate crops. This study aimed to evaluate and assess thermal insulation
covers in okra as a representative of high respiratory crops. The use of aluminum-based
materials in combination with either nonwoven or expanded polyethylene (EPE) materials
focused on developing thermal insulation covers (Table 2). Overall results on air and
pulp temperatures inside the four thermal insulation covers gave improved performance
and maintained low temperature profiles and fluctuation than no cover and P-LLDPE
cover treatments (Figures 5, 6 and 8, Table 3). Materials with lower Qx value and higher
R-value exhibited higher efficiency in maintaining low air and pulp temperatures (Table 2).
Few studies on other fresh produce identified the positive effect of thermal insulation
covers in controlling the inside cool temperature. The insulated pallet cover ReflectixTM

constructed of aluminum foil and 0.8 cm polyethylene/bubble pack reduced mass loss
in amaranth with less wilting and retained the desirable dark green leaf color [20], In
strawberry, Tyvek®, a flash-spun nonwoven high-density polyethylene maintained cool
temperature and prevented quality loss from supermarket to household refrigerator [23].
Insulation pallet coverings (Tyvek®, metalized PET, metalized PET bubbles) have provided
greater temperature retention compared to no covering in chard, cucumber and carrot [22].
Recently, our previous study showed that application of thermal insulation covering
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(HRS + TNNW and MFS) in combined with room cooling (17 ◦C) could maintain the lowest
mean pulp temperature, compared to P-LLDPE and no cover (19 ◦C) under simulated
storage at 18 ◦C for 48 h [16]. Most academic reports revealed that application of different
commercial covers yielded greater performance of thermal insulation compared to no cover
but only a few studies have compared material function design of different commercial
covers. In this study, commercial HRS material was perforated using a pin of diameter
0.55 mm to give total perforation area of 0.09 cm2. Two layers of either HRS + TNNW
and HRS + TKNW were partially attached using glue as spot bonding. These designed
insulation materials possessed moderate Qx and R-value and exhibited good performance
in controlling low temperature, heatmap profiles, thermal images and rate of temperature
changes compared to commercial MFS that had the lowest Qx and highest R-value levels
(Tables 2 and 3, Figures 5–7).

The optimal relative humidity (%RH) for storage of okra at 95 to 100% extended
shelf-life by 7 to 10 days [4]. Application of thermal insulation covers reduced relative
humidity fluctuation better than no cover throughout simulated storage and transportation
conditions. Covering maintained RH level at 100% RH after both simulated conditions for
8 h (Figure 9). Stability of RH level under thermal insulation materials was related to low
WVP of the materials. Similarly, our previous study found that thermal insulation covering
prevented RH fluctuation better than no covering, resulting in the highest RH level at 100%
RH [16]. In this study, MFS cover treatment provided the lowest WVP level (Table 2). It
had been reported that RH level inside Tyvek® cargo cover at 50% RH (high water vapor
permeability) was lower than aluminum bubble wrap with 80% RH (lower water vapor
permeability) [44]. However, limited academic research has focused on the application of
thermal insulation materials for maintaining relative humidity. Lim et al. [45] investigated
the effect of relative humidity (RH) on the quality of ‘Niitaka’ pears using polyethylene
(PE) film pallet covers to maintain high RH in commercial low temperature storage rooms.
When opened, the PE pallet cover had a lower RH level (83 to 87%) than when closing PE
(93 to 95% RH), while Wheeler et al. [20] discovered that RH level in clamshells packed
in both covered and uncovered pallets increased to almost 100% RH within one hour of
storage and remained high throughout the storage duration (6 h).

Figure 9. Relative humidity (% RH) profiles among the six treatments of no cover and P-LLDPE (A), HRS + TNNW and
HRS + TKNW (B) and MTyvek and MFS (C) after simulated storage at 18 ◦C for 48 h and simulated transportation at 30 ◦C
for 15 h.
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3.3. Transpiration Rate and Vital Heat from Respiration in Different Covers

The transpiration rate and vital heat of okra under the six treatments were measured
during simulated storage at 18 ◦C for 48 h and simulated transportation at 30 ◦C for 15 h.
The major contribution of mass loss in pear and pomegranate was due to transpiration
rather than respiration [32,46]. In this study, differences among the six treatments were
observed in transpiration rate compared to vital heat under both simulated storage and
transportation conditions. This implied that thermal insulation materials influenced tran-
spiration rate (mass loss) more than vital heat from respiration rate (Figure 10). During
simulated storage, no cover and P-LLDPE provided the highest transpiration rates (12.53
and 15.56 g h−1 m−2, respectively), compared to the other four cover treatments. Under
increased temperature during simulated transportation, transpiration rate of all six treat-
ments increased gradually to more than double compared to okra under simulated storage.
Highest transpiration rate was found in no cover as the control (35.11 g h−1 m−2) followed
by P-LLDPE (16.85 g h−1 m−2), MTyvek (15.76 g h−1 m−2), MFS (9.06 g h−1 m−2) HRS +
TNNW (9.05 g h−1 m−2) and HRS + TKNW (8.53 g h−1 m−2) (Figure 10A). This indicated
that increase in temperature inside the four thermal insulated cover treatments had less
effect on transpiration rate compared to no cover and P-LLDPE treatments. A study on
P-LLDPE cover material by Rattanakaran et al. [47] revealed that transpiration rate of okra
at 25 ◦C was greater than at 5 ◦C (5.16 and 1.93 g h−1 m−2, respectively) after 48 h of testing.
Lower transpiration rates in thermal insulation treatments related to their lower WVP,
except for TNNW. Lowest transpiration rates of HRS and MFS materials related to the
lowest WVP levels (Figure 10 and Table 2). The double layer of HRS + TNNW protected
the transpiration rate of okra (Figure 10A).

Figure 10. Transpiration rate (A) and vital heat (B) among the six treatments during simulated storage at 18 ◦C for 48 h and
simulated transportation at 30 ◦C for 15 h. Different letters indicate significant differences at p < 0.05. Values are mean ± S.E.
from five replicates.

During simulated storage, no significant difference in vital heat was observed among
the six treatments. In this study, MTyvek (6850 J kg−1 h−1) exhibited the lowest vital heat
level compared with the other five treatments during simulated transportation at 30 ◦C
for 15 h with no difference among P-LLDPE, HRS + TNNW and MFS covers (Figure 10B).
Our results confirmed previous findings of Rattanakaran et al. [16]. The vital heat of
okra inside thermal insulation cover (HRS + TNNW and MFS) was lower than that inside
P-LLDPE at 30 ◦C for 1 h, while HRS + TNNW exhibited a lower vital heat than MFS and
P-LLDPE at 30 ◦C for 15 h as simulated transportation. In this study, the box plot of MTyvek
showed the lowest mean, median and maximum pulp temperature levels during simulated
transportation compared with the other treatments, except for no cover (Figure 5). The
thermal image of MTyvek exhibited a blue color, similar to the no cover treatment, whereas
the other thermal insulation covers showed an orange color (Figure 7) due to higher heat
transfer to the environment as well as improved air ventilation in MTyvek than in the other
thermal insulation covers.
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3.4. Mass Loss of Okra

After simulated storage, okra pods in no cover and P-LLDPE treatments showed
significant mass loss of fresh weight at 5–6% compared to those of the other four thermal
insulation material treatments (approximately 1%). Similarly, after simulated transporta-
tion, no cover showed the highest percentage of mass loss (14.4%) followed by P-LLDPE
(7.1%), MTyvek (6.6%), HRS + TNNW (3.7%), HRS + TKNW (3.4%) and MFS (3.6%). Com-
bined HRS with nonwovens and MFS treatments gave lower mass loss than MTyvek (2%),
P-LLDPE (3.5%) and no cover (11%) (Figure 11). Similarly, HRS + TNNW and MFS had the
lowest mass loss of okra (<5%) compared to P-LLDPE (15%) throughout simulated storage
and transportation [16]. High mass loss observed in no cover and P-LLDPE treatments
corresponded to high transpiration rates (Figure 10A), high rates of air and pulp temper-
ature changes (Table 3) and low relative humidity levels (Figure 9). Scant research has
addressed how thermal insulation covers can be applied to reduce mass loss in fresh fruits
and vegetables. This finding supports previous reports on thermal insulation materials that
reduced mass loss in amaranth when covered with an insulated pallet cover of ReflectixTM

composed of aluminum foil/0.8 cm polyethylene/bubble pack. They also found that
insulated pallet cover (2%) reduced mass loss better than no cover (11%) during 6 h of
display at a retail market [20].

Figure 11. Mass loss (%) among the six treatments after simulated storage at 18 ◦C for 48 h and
simulated transportation at 30 ◦C for 15 h. For Tukey’s HSD post hoc test, different letters in each
simulation test indicate significant differences at p < 0.05. Values are mean ±S.E. from five replicates.

3.5. Incidence of Decay

MTyvek treatment exhibited the lowest percent of no decay (84.0%) compared with
MFS (90.8%), HRS + TKNW (93.6%), no cover (95.9%), P-LLDPE (96.5%) and HRS + TNNW
(99.1%) (Figure 12). The HRS + TNNW treatment exhibited the best thermal insulation
performance to prevent postharvest loss of okra from decay (lowest decay incidence
with 0.9%) and was found better than HRS + TKNW (higher decay incidence with 6.4%)
(Figure 13). There are several possible explanations for this result. Firstly, thin nonwoven
(TNNW) and perforated HRS combined with partial bonding, providing air space between
the two layers. The TNNW material absorbed moisture from transpiration and respiration
processes. Secondly, the moisture inside the cover passed through the nonwoven (inner
layer) to the air space between the layers and provided an area for collecting moisture.
From our observations, after the simulated transportation, HRS + TKNW, MTyvek and MFS
exhibited moisture condensation on the inner side of the cover and this yielding a higher
rate of decay, compared to HRS + TNNW. Low WVP level of MTyvek and MFS (Table 2)
reduced moisture vapor transfer to the outside, thus leading to high decay. Observation on
decay of okra in this study was consistent with Rattanakaran et al. [16], which reported
the lowest percentage of okra decay (<20%) in treatments of room cooling combined with
HRS + TNNW and MFS, compared to that in P-LLDPE (50%). The results implied that
room cooling for okra was important before covering, and significantly reduced okra
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decay. This result concurred with Emond and Germain [48] who reported that pallets
covered with metalized bubble wrap had high condensation on the cases that led to rapid
decay and increased mold growth in ‘Kent’ mango. From our findings, the application of
thermal insulation covers was suggested for short periods of okra transportation under
high temperature to reduce decay and heat accumulation. Gas treatment may reduce decay
and control insects by active modified atmosphere packaging inside thermal insulation
covers. In strawberry, flushing CO2 gas (10–16%) within the pallet cover was applied to
reduce decay during truck transportation. Tectrol pallets treated with a partial vacuum
and flushing CO2 exhibited significantly less decay (36%) compared to the noncovered
control (41%) [49]. Phosphine fumigation was also applied in thermal insulation covers to
control western flower thrips in chilled lettuce [40].

Figure 12. The percentage of decay incidence in six treatments after simulated storage at 18 ◦C
for 48 h and simulated transportation at 30 ◦C for 15 h. No decay shown by different letters in
each treatment indicates significant differences at p < 0.05 for Tukey’s HSD post hoc test. Values
are mean ± S.E. from five replicates.

Figure 13. Okra from six treatments after simulated storage at 18 ◦C for 48 h and simulated trans-
portation at 30 ◦C for 15 h.
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3.6. Pearson Correlation Analysis

In Table 4, material properties (thermal heat energy, R−value and WVP), temperature
variables (rate of air and pulp temperature change at initial temperature (T1) to 25 ◦C and
25 ◦C to 30 ◦C, accumulated time−temperature), okra quality (transpiration rate and vital
heat during simulated storage and transportation, mass loss and decay incidence) were
analyzed, using Pearson correlation, to present correlation coefficient value (r). Mass loss of
okra showed positive correlation with thermal heat energy (Qx) (r = 0.702) and transpiration
rate (TR) during simulated storage (r = 0.898) and simulated transportation (r = 0.995),
while mass loss of okra showed negative correlation with R−value (r = −0.729) and
accumulated time−temperature (ATT) (r = −0.939). For the selection of thermal insulation
materials, thermal heat energy (Qx) (r = 0.702) and R−value (r = −0.729) properties were
considered more than WVP to reduce mass loss in okra. Decay incidence of okra was
related to WVP (r = −0.682), vital heat (VH) during transportation (r = −0.744) and rate
of pulp temperature change during 25 ◦C to 30 ◦C (r = −0.823). The ATT throughout the
simulated supply chain showed high correlation with both transpiration rate (TR) storage
(r = −0.770) and TR transportation (r = −0.922) as well as mass loss (r = 0.939). Thus, the
time-temperature variable affected transpiration as well as mass loss of okra throughout
the supply chain. Results indicated that minimizing mass loss in okra could be achieved
by focusing on thermal heat energy (Qx) and R-value properties, which were identified
as more significant factors than WVP. Minimizing decay incidence required attention on
WVP, vital heat and rate of temperature change inside the covering.

3.7. Hierarchical Clustering Analysis

To compare the efficiency between the two thermal insulation cover prototypes and
commercial covers, the overall performance of all treatment covers was analyzed by Hier-
archical clustering analysis (HCA). Three main parameters; material properties (thermal
heat energy, R-value and WVP), temperature variables (rate of air and pulp temperature
change at the initial temperature (T1) to 25 ◦C and 25 ◦C to 30 ◦C and accumulated time-
temperature) and okra quality (transpiration rate, vital heat during simulated storage
and transportation, mass loss and decay) obtained from the five cover treatments, were
analyzed as shown in Figure 14. The dendrogram identified various groups of packaging
covers. The first division as in-groups consisted of HRS + TNNW and HRS + TKNW
with MFS, while the second and third groups consisted of MTyvek and P-LLDPE, respec-
tively. Both developing prototypes of thermal insulation covers (HRS + TNNW and HRS
+ TKNW) exhibited material properties that affected temperature fluctuation and mass
loss, similar to those of the commercial MFS cover. Interestingly, these prototypes (HRS
+ TNNW and HRS + TKNW) exhibited greater reduction of decay (approximately 8.3%)
compared to MFS, while reducing mass loss (quantitative loss) to 2% and decay (quality
loss) to 15.1% compared with the commercial MTyvek cover. Dieckmann et al. [50] studied
the efficiency of nonwoven fabric as a base material for temperature-controlled deliveries.
They found that air-laid nonwoven feather fiber showed potential for temperature con-
trol compared with the commercially available expanded polystyrene (EPS) packaging
panel. In terms of environmental aspects and packaging sustainability, combined HRS and
selected nonwoven material should be developed as a thermal insulation prototype for
cover application to reduce foam material (MFS), with lower postharvest loss (decay 1%)
for distribution packaging.
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Table 4. Pearson correlation analysis evaluating by material properties, transpiration rate, vital heat, air and pulp temperatures and okra quality.

Qx WVP R Value
TR_

Storage
TR_

Transport
VH_

Storage
VH_

Transport
RoP

T1to25
RoP

T25to30
RoA

T1to25
RoA

T25to30 ATT ML Decay

Qx 1.000
WVP 0.674 ** 1.000

R_value −0.925 ** −0.791 ** 1.000
TR_

storage 0.743 ** 0.723 ** −0.874 ** 1.000
TR_

transport 0.679 ** 0.549 * −0.720 ** 0.911 ** 1.000
VH_

storage −0.361 −0.407 0.408 −0.283 −0.175 1.000
VH_

transport 0.205 0.406 −0.441 0.203 −0.089 −0.102 1.000
RoP

T1to25 0.659 ** 0.849 ** −0.851 ** 0.819 ** 0.625 * −0.278 0.578 * 1.000
RoP

T25to30 0.287 0.519 * −0.503 0.340 −0.046 −0.214 0.781 ** 0.651 ** 1.000
RoA

T1to25 0.743 ** 0.745 ** −0.816 ** 0.692 ** 0.543 * −0.524 * 0.343 0.647 ** 0.364 1.000
RoA

T25to30 0.514 * 0.695 ** −0.760 ** 0.712 ** 0.518 * −0.402 0.721 ** 0.854 ** 0.624 * 0.635 * 1.000
ATT −0.655 ** −0.310 0.605 * −0.770 ** −0.922 ** 0.104 0.284 −0.414 0.210 −0.416 −0.294 1.000
ML 0.702 ** 0.537 * −0.729 ** 0.898 ** 0.995 ** −0.164 −0.088 0.633 * −0.052 0.532 * 0.506 −0.939 ** 1.000

Decay −0.271 −0.682 ** 0.449 −0.216 0.128 0.289 −0.744 ** −0.622 * −0.823 ** −0.488 −0.525 * −0.365 0.132 1.000

Note: Rate of pulp temperature changes (RoP); rate of air temperature changes (RoA); water vapor permeability (WVP); transpiration rate (TR); thermal heat energy (Qx); vital heat (VH); accumulated
time-temperature (ATT); mass loss (ML). ** Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed).
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Figure 14. Hierarchical cluster analysis based on material properties, transpiration rate, vital heat,
air and pulp temperatures and okra quality. Ward’s method for dissimilarity was utilized during
agglomerative hierarchical clustering.

4. Conclusions

The performance of thermal insulation covers on preserving quality of okra was
evaluated. With MTyvek and MFS covers, the high moisture retention resulted in more con-
densation and greater decay (16.0% and 9.2%), while P-LLDPE (3.5%) and HRS + TNNW
(0.9%) had lower levels than no cover (4.0%). Mass loss was significantly reduced by apply-
ing the HRS + TNNW, HRS + TKNW and MFS covers. Two thermal insulation prototypes;
HRS combined with either TNNW or TKNW, showed good potential to maintain low
temperature, reduce transpiration, and mass loss of okra compared to the two commercial
thermal insulation materials (MTyvek and MFS) and typical plastic materials (no cover
and P-LLDPE). Form results, it was suggested that thermal insulation covering for fresh
okra should have material properties with low thermal heat energy (Qx), high R-value and
moderate WVP value to preserve cool temperature and delay okra senescence.
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