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Reduces postharvest losses in table grape supply chains through improved
packaging and cold chain design.

Enhances resource efficiency by minimizing energy use during precooling, storage,
and transport.

Addresses airflow and microclimate variability to improve consistency and reduce
waste.

Optimizes SO:2 application to balance decay control with reduced chemical risks and
residue concerns.

Promotes data-driven decision-making using sensors, modelling, and predictive
analytics.

Supports the development of integrated, configuration-specific cold chain systems.

Contributes to more sustainable, resilient, and competitive fresh produce export
systems.
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Abstract

Table grapes are highly perishable and economically important commodities, requiring tightly
controlled postharvest systems to maintain quality during extended export chains. This review
demonstrates that quality preservation is not governed by individual factors in isolation, but by the
coupled interactions between temperature, relative humidity, packaging architecture, and SO,-
mediated decay control. Across studies, widely adopted cold chain protocols are shown to
inadequately account for the heterogeneous microenvironments created within modern multi-layer
packaging systems, resulting in significant within-package and within-pallet variability that
ultimately determines fruit quality outcomes. Advances in modified atmosphere and humidity-
regulating packaging, dual-phase SO,-generating pads, and smart liner technologies are critically
evaluated in terms of their effectiveness in controlling Botrytis cinerea while minimizing
bleaching and residue risks. Sensor-based monitoring, imaging tools, and IoT-enabled systems are
examined for their capacity to quantify cold chain integrity and capture spatiotemporal variability.
The review further highlights the emerging role of multiphase, multiphysics convection—
diffusion—reaction modelling as a unifying framework to resolve airflow, temperature, and gas
transport within packed systems. Key challenges identified include non-uniform airflow in
palletized configurations, limited standardization of SO, application, and the absence of integrated,
data-driven control strategies. Future progress requires a shift toward configuration-specific,
mechanistically informed cold chain design supported by predictive analytics and digital twin
approaches. Such advances are essential to improve storage reliability, reduce postharvest losses,
and enhance the sustainability and competitiveness of the global table grape industry.

Keywords: Cold chain logistics; Packaging technologies; Postharvest quality preservation; SO,
generator pads; Ventilation and airflow distribution; Moisture loss management; Computational
Fluid Dynamics (CFD); Diffusion—reaction modelling; Temperature and humidity monitoring;
Cold chain optimization.

1 Introduction

Table grapes (Vitis vinifera L.) are among the most economically important fresh fruit

commodities traded globally, yet their high perishability and sensitivity to postharvest conditions
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38  make quality preservation a persistent challenge in the cold chains. Physiological processes such
39  as water loss, stem browning, berry softening, and susceptibility to Botrytis cinerea and other
40  decay organisms intensify under non-optimum temperature and humidity conditions.!-3
41  Maintaining fruit quality therefore requires a carefully coordinated system of packaging, cooling,
42  gas management, and logistics that operate synergistically from harvest to final market. Failures
43 atany stage of the cold chain, notably during field heat removal, forced-air precooling, refrigerated
44  transport, or distribution, have been associated with significant losses in both berry and rachis

45  quality, as well as economic and environmental impacts.* 3

46  Packaging remains a critical interface between the fruit and its storage environment, governing not
47  only protection and handling efficiency but also airflow, temperature distribution, moisture
48  dynamics, and gas exchange around bunches. Vent hole geometry, liner perforation density, carton
49  depth and footprint, and internal components such as clamshells or punnets directly affect airflow
50 resistance and cooling uniformity within packed and palletized configurations.’ Packaging
51  materials in table grapes can significantly influence moisture loss, as studies have shown that
52 internal plastic liners reduce berry transpiration but may also raise humidity levels and promote

53  condensate formation when ventilation is inadequate.® '© Evidence from other fruit cold chains,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

54  including pomegranate and citrus, further demonstrates how liner design, film permeability, and

55  vent configuration interact with physiological water-loss pathways to determine mass loss and

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

56 related disorders.” ' 12 These principles have direct implications for table grapes, where moisture

57  imbalance accelerates rachis dehydration and compromises shelf-life.

(cc)

58  Sulphur dioxide remains the most effective and commercially dominant method for controlling
59  Botrytis cinerea in table grapes during storage and shipping.!3-'* Modern dual-phase SO, generator
60  pads deliver an initial antimicrobial “burst” followed by sustained release to maintain suppressive
61  concentrations. However, achieving effective SO, exposure is complicated by interactions with
62  packaging design, liner permeability, airflow, temperature, and non-target absorption by carton
63  materials.!> Uneven SO, distribution due to airflow heterogeneity within cartons or across pallets
64 may lead to overexposure in some regions, causing bleaching, and underexposure elsewhere,
65  resulting in decay. Although SO, release and efficacy have been studied in specific cultivars and
66  packaging systems'® 7, comprehensive understanding of its coupled release—transport—uptake

67  dynamics remains limited. Insights from other gas-controlled systems such as 1-MCP distribution
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in apple storage'® 1°, fumigation fogging?® , emphasize the value of mechanistic modelling in

resolving spatial gas heterogeneity.

Temperature stability is a cornerstone of table grape preservation. Even short temperature increase
during storage or transport can activate metabolic shifts, accelerate water loss, or diminish SO,
effectiveness.?!> 22 Emerging sensor technologies, including nanosensors, MOS gas sensor, RFID-
loggers, and IoT-enabled wireless networks, are increasingly used to monitor environmental
parameters (temperature, humidity, atmospheric gases, spoilage markers, etc.).?>>> Despite
growing adoption, gaps remain in integrating sensor data with predictive models or control systems

capable of directing operational decision-making across export supply chains.

Despite substantial progress in postharvest research, the table grape industry still lacks an
integrated synthesis that connects advances in packaging design, cooling performance, SO, release
technologies and airflow behaviour. Persistent challenges remain airflow and cooling often vary
widely within palletized systems due to heterogeneous vent structures and stacking configurations;
the mechanistic behaviour of SO,, its release, movement, and absorption by berries, rachis, and
packaging materials, remains insufficiently resolved under the dynamic conditions of commercial
cold chains. Considering increasing demands for sustainability, traceability, and consistent quality
in export markets, there is a pressing need for a comprehensive perspective that consolidates
technological, physiological, and mechanistic insights into a coherent foundation for innovation.
This review responds to that need by synthesizing multidisciplinary advances and identifying
opportunities for data-enabled, and energy-efficient cold chain and packaging strategies for table

grapes.

2 Packaging and cold chain management in table grapes

2.1 Early postharvest temperature management: shading, holding, and precooling

The postharvest cold chain of table grapes begins immediately after harvest, because physiological
deterioration, water loss, and microbial development progress rapidly at ambient field
temperatures. Table grapes are particularly sensitive to short delays in cooling, which can
accelerate rachis browning, berry softening, and Botrytis cinerea development.> 26 Although

handling practices vary across production regions, cultivars, and destinations, export-oriented
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96  supply chains generally follow a common sequence designed to (i) rapidly remove field heat, (ii)
97  limit dehydration, (iii) minimize mechanical injury, and (iv) deliver antifungal protection over long
98  storage and transport durations.!” The workflow illustrated in Figure 1 should therefore be

99 interpreted as a representative export pathway rather than a universally standardized process.

100  Immediately after harvest, field shading and careful handling reduce heat gain, dehydration, and
101  mechanical injury that can predispose clusters to rachis browning and decay.’ In some production
102 systems, grapes may be held briefly in shaded, evaporative, or mechanically cooled rooms prior to
103 forced-air precooling. This holding stage is primarily a damage-limitation step (reducing heat gain
104  and moisture loss) rather than a substitute for true precooling, and its benefit depends strongly on
105  ambient conditions and duration.?’ Evaporative holding reduces air temperature through adiabatic
106  cooling and typically increases relative humidity, temporarily lowering vapour pressure deficit
107  (VPD) and thereby suppressing cluster transpiration when ambient conditions are favourable.
108  However, its cooling potential is constrained by wet-bulb depression and is therefore climate-
109  dependent. In contrast, mechanically cooled holding offers more climate-independent control of
110  air temperature, but unless configured as a forced-air precooling system with appropriate airflow

111 paths and pressure differentials, it usually cannot achieve the rate and uniformity of pulp

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

112 temperature reduction required for packed export units.?® Consequently, forced-air precooling

113 remains the dominant “field heat removal” step in commercial export workflows .°
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Figure 1 Schematic representation of a typical postharvest handling and cold chain workflow for export-

oriented table grapes.

Figure 2 illustrates the psychrometric behaviour of early postharvest air-handling strategies for

table grapes (P1-P3). The dashed trajectories depict evaporative holding, represented as

near-constant-enthalpy cooling that reduces vapour-pressure deficit without requiring active

dehumidification. In contrast, the solid trajectories represent mechanical air cooling, which first
cools air sensibly at a constant humidity ratio and then continues along the saturation curve as
condensation occurs. Together, these pathways demonstrate how early holding strategies alter the

moisture—temperature relationship of the air mass before the fruit undergoes forced-air precooling.

In practice, however, these psychrometric transitions are rarely controlled explicitly in commercial
operations. Early holding conditions are often governed by ambient environments or loosely
managed cooling systems, resulting in limited control over vapour-pressure deficit and moisture

gradients. This reflects both the documented variability in temperature—humidity conditions in
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128  commercial cold chains and the fact that psychrometric variables, although fundamental, are often

129  not explicitly understood or operationally managed in postharvest systemsr.?% 3¢
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131  Figure 2: Psychrometric representation of early postharvest air-handling strategies for table grapes under

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

132 representative South African summer conditions (P1-P3).

(cc)

133 2.2 Forced-air precooling

134 Forced-air precooling is applied to fully packaged and palletized grapes to remove field heat under
135  conditions that approximate subsequent cold storage and refrigerated transport. Rapid pulp
136  temperature reduction suppresses respiration, transpiration, and fungal development. However,
137  packaging components (liners, punnets, pads, and carton boxes) impose airflow and thermal
138  resistances, making cooling rate and temperature uniformity strongly dependent on packaging
139  design and pallet configuration. Cooling heterogeneity can persist into storage and transport,
140  increasing the risk of localized decay, rachis dehydration, and uneven SO, exposure.> 20
141  Operationally, pulp temperature after packing is typically brought to —0.5 to 1 °C, a range shown
142 to support extended storage life. For example, table grapes can be stored at —0.5 °C and 95% RH
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for 40-100 days, depending on the cultivar.® 7 Following precooling, pallets transition into cold
storage or refrigerated transport, where stable temperatures, high relative humidity, and uniform
airflow remain essential to maintaining quality over long export periods.’ Throughout this chain,
fruit physiology, packaging design, cooling strategy, and SO, delivery interact dynamically,

collectively determining postharvest performance and storage longevity.

Table grapes are known to be sensitive to low-temperature stress, with quality deterioration and
physiological damage occurring when temperature thresholds are exceeded, particularly under
prolonged exposure or uneven temperature conditions.’%!7 In this context, airflow heterogeneity
within palletized systems may simultaneously generate regions of delayed cooling (hotspots) and
overcooled zones (cold spots), thereby increasing the risk of freezing injury alongside other quality
defects. 2° These effects highlight the importance of considering spatial temperature distribution,

rather than only mean pulp temperature, in defining safe and effective precooling strategies.

Following precooling, pallets transition into cold storage or refrigerated transport, where stable
temperatures, high relative humidity, and uniform airflow remain essential to maintaining quality
over long export periods.> 2° Throughout this chain, fruit physiology, packaging design, cooling
strategy, and SO, delivery interact dynamically, collectively determining postharvest performance

and storage longevity.

2.3 Water loss pathways, rachis desiccation, and visual quality failure

Water loss is among the most consequential determinants of table grape marketability. Even at 0—1
°C and 90-95% RH, clusters continue to lose moisture via transpiration of both berries and rachis
tissues.!® Under cold storage, berry transpiration is relatively low compared with rachis
transpiration, because the rachis has a porous epidermis, exposed vascular tissues, and limited
cuticular protection.> 3! As a result, the rachis contributes disproportionately to visible
deterioration that modest cumulative cluster mass losses (often only a few percent) can trigger
rachis browning and shrivelling that drives consumer rejection before large changes in berry

firmness or soluble solids are evident.? 3!

Rachis desiccation is governed by temperature and vapour pressure deficit (VPD). Temperature

breaks and low-RH episodes increase VPD and accelerate rachis water loss, making cold-chain

Page 8 of 58
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171  stability a first-order quality driver.* > Even modest increases in VPD can markedly increase rachis
172 dehydration, and visible browning can develop within days depending on cultivar and storage
173 history.> 3! Experimental studies have reported reduced mass loss and less rachis browning at
174  higher RH (e.g., ~97% vs ~93%), consistent with the expectation that decreasing VPD slows
175  transpiration-driven deterioration.? Cultivar-specific physiological and structural characteristics
176  can influence dehydration susceptibility in table grapes during storage. Berry water loss occurs
177  primarily through transpiration across the fruit surface and is governed by vapor pressure gradients
178  and berry surface conductance, which may vary among cultivars.3? In addition, differences in cell
179  wall metabolism can affect the structural stability of berry tissues during postharvest storage. For
180  example, cultivars with higher calcium-associated pectin integrity and lower polygalacturonase
181  activity maintain firmer tissues and exhibit greater resistance to postharvest softening.! Together,
182  these findings suggest that cultivar-dependent differences in berry surface conductance and
183  internal cell wall stability may contribute to variability in dehydration susceptibility observed
184  among table grape cultivars during storage. Packaging also influences rachis and fruit water-loss
185  dynamics during storage. Highly ventilated packaging can enhance cooling efficiency but may
186  increase the vapor pressure deficit around the bunch, promoting rachis dehydration and browning.

187  Conversely, liners or plastic films increase relative humidity within the package, thereby reducing

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

188  transpiration and fruit mass loss during storage.’ 33

189  Water loss within the package microenvironment also interacts with decay control strategies. SO,

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

190  generating pads rely on moisture to activate the release of SO, from metabisulfite formulations.

(cc)

191  Consequently, excessively dry conditions within the package may limit pad activation and reduce

192 the availability of antifungal SO,, thereby compromising decay control.'*

193  Temperature setpoints interact with storage duration and cultivar. Some studies suggest that
194  limited temperature relaxation may be acceptable for shorter storage durations, whereas longer
195  storage requires stricter temperature control to limit mould and physiological deterioration.?!-3* In
196  parallel, alternative cooling targets (e.g., modestly higher pulp temperatures) have been explored
197  to reduce precooling time without compromising quality, but feasibility remains cultivar- and
198  context-dependent. This interaction highlights the need to view rachis preservation not only as a
199  dehydration problem but as a broader microclimate management challenge. In practice, effective

200  storage therefore requires coordinated control of (1) package humidity and vapor pressure deficit,


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fb00142d

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

201
202
203
204
205
206
207
208
209

Sustainable Food Technology Page 10 of 58

View Article Online
DOI: 10.1039/D6FB00142D

(i1) temperature stability that influences both transpiration and fungal growth, and (ii1) integrated
decay suppression systems such as SO,-based technologies. Taken together, the progression of
rachis desiccation and visual quality failure in table grapes reflects the interaction between intrinsic
cluster physiology and the storage microenvironment. Factors such as the physiological
asymmetry between berries and rachis tissues, vapour pressure deficit, cumulative mass loss
thresholds, atmosphere composition, packaging configuration, and cultivar-specific metabolic
characteristics collectively influence the rate at which dehydration and senescence symptoms
develop.” 31> 36 37 A gynthesis of the principal physiological determinants governing storage

behaviour and quality deterioration in table grapes is presented in Table 1.
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Table 1: Physiological determinants of storage behaviour and quality deterioration in table grapes

Factor / cultivar group

Storage condition

Dominant physiological mechanism

Quality implication References

Berry vs. rachis tissues

Vapour pressure deficit
(VPD)

Cluster mass loss threshold

Cuticular wax composition
Berry—rachis structural
ratio

Ethylene exposure /

regulation

Atmosphere modification
(COy)

Packaging / atmosphere
modification

‘Red Globe’, ‘Mystery’
and ‘Thompson Seedless

>

‘Red Globe’

‘Thompson Seedless’,
‘Mystery’, ‘Cardinal’

0-5 °C; 90-95% RH

Elevated VPD during
storage or handling

~2-5% total weight loss
Cultivar dependent

Rachis =4% of cluster
mass

Ethylene presence;
storage above 0 °C

Elevated CO, during cold
storage

MAP, liners, high RH

0-1°C; 90-95 % RH

0-1°C; 90-95 % RH

—1-0 °C; 90-95 % RH

Rachis respiration and transpiration
substantially exceed berry rates

Increased rachis transpiration due to thin
epidermal tissues

Visual deterioration occurs before major
biochemical changes

Variations in cuticle thickness and wax
structure affect epidermal permeability and
transpiration resistance

Small structural component controls visual
appearance

Ethylene accelerated rachis senescence and
oxidative activity

CO, modulates oxidative metabolism and
antioxidant responses associated with rachis
senescence

Reduced VPD and transpiration through
humidity buffering inside the package

Higher metabolic activity and greater
sensitivity of rachis tissues to dehydration and
senescence

Intermediate metabolic activity and moderate
dehydration susceptibility of rachis tissues

Lower metabolic activity and improved
tolerance to senescence-related rachis
deterioration

Rachis desiccation and browning often limit ,
shelf life before berry deterioration

Rapid visual quality decline even at small

27
water losses

2-3% loss induces rachis browning; 4-5%

causes berry shrivels 4

Cultivars with thicker or less permeable
cuticles show reduced water loss and 38
delayed shrivel

Minor rachis deterioration dominates 1
consumer perception

Rapid rachis browning and wilting; 1-MCP
delays senescence and maintains rachis
greenness

36,37

Reduced rachis browning and improved o
rachis quality during storage

Delayed rachis dehydration and extended
storage life

9,39

Shorter storage potential and higher
dehydration risk

36, 40

Shelf life commonly constrained by
progressive rachis desiccation during 40
storage

Greater storage potential when humidity and 5 5,
decay control are maintained
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2.4 Corrugated fibreboard cartons

Ventilated corrugated fibreboard cartons are central to maintaining both the structural integrity and
the microclimatic performance of table grape packaging systems. Beyond providing mechanical
protection during handling and transport, carton design directly governs airflow pathways that
control cooling rate, temperature uniformity, moisture gradients, and the distribution and retention
of SO, within palletized loads.® Adequate ventilation is therefore a prerequisite for effective cold
chain performance, with industry guidelines indicating that base and side openings should typically

exceed ~3% of the carton surface area to ensure sufficient airflow through stacked pallets.*!

(b) (d)

Figure 3: Ventilated corrugated fibreboard box geometries used in the table grape industry. Panel (a) shows

a reference carton design with overall external dimensions (600 x 400 x 90 mm) and circular side vents,
while panels (b—d) illustrate representative variations in vent-hole configuration and distribution used in

commercial packaging.
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225  The box designs illustrated in Figure 3 share a common export-standard footprint (=600 x 400
226  mm), reflecting logistical constraints related to pallet modularity and forced-air precooling
227  infrastructure. Within this standardized geometry, however, substantial variation exists in vent-
228  hole size, shape, and spatial distribution. Boxes in Figure 3 (a) and (b) exhibit relatively balanced
229  or moderately enhanced venting, with comparable short- and long-side openness (=3—6%),
230  favouring more symmetric airflow penetration and reduced sensitivity to pallet orientation. In
231  contrast, Figure 3 (c¢) and (d) introduce increasing directional bias, particularly Figure 3 (d), where
232 long-side openness (~24%) far exceeds that of the short side (~2.7%). Such asymmetry
233 substantially lowers overall flow resistance but also promotes preferential flow pathways,

234 increasing the likelihood of localized high-velocity regions and sheltered zones within the box.

235  Despite the well-established interactions between packaging geometry, airflow behaviour, and gas
236  transport in other commodities, comparable investigations remain largely absent in the context of
237  table grape packaging systems. Commercial table grape cartons display considerable variability in
238  vent-hole configuration and distribution, as illustrated in Figure 3, yet the implications of these
239  design differences for airflow penetration, cooling uniformity, and internal gas distribution have

240  not been systematically evaluated. Consequently, current packaging practices rely largely on

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

241  empirical design evolution rather than quantitative understanding of how carton geometry interacts
242 with pallet airflow fields, internal packaging components, and fruit physiological responses.

243 Addressing this knowledge gap is essential for interpreting how ventilation design influences not

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

244 only cooling efficiency but also moisture loss, sulphur dioxide dispersion, and overall storage

(cc)

245  performance in commercial table grape cold chains.

246 2.5 Liners

247  Table grape liners constitute the principal internal resistance element within the carton—punnet—
248 SO, pad assembly. While cartons govern macroscopic airflow and pallet-scale cooling
249  heterogeneity® #?, liners regulate intra-carton convective exchange, diffusive gas transport, water
250  vapour retention, and SO, dynamics. Their performance therefore emerges from coupled
251  interactions among fruit transpiration, ventilation area, film permeability, airflow intensity, and
252 SO, release kinetics. Based on functional design, liners can be categorized into non-perforated,

253  macro-perforated, and micro-perforated systems.
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2.5.1 Non-perforated liners

Early export systems frequently employed non-perforated low-density polyethylene (LDPE) liners
to maximize relative humidity (RH) and reduce mass loss. Experimental multilayer-packaging
studies demonstrated that severely restricted ventilation increases airflow resistance and slows

moisture escape, thereby sustaining high in-package RH and reducing both berry mass loss and
rachis dehydration.? % Non-perforated films were also shown to maintain elevated RH during
forced-air cooling and early storage, resulting in lower physiological weight loss compared with

perforated alternatives.?

Beyond humidity effects, restricted ventilation has direct implications for internal gas composition.
Because gas transfer in sealed or low-vent liners is dominated by diffusion rather than convection,
reduced permeability can alter the balance between fruit respiration and gas exchange. Packaging
studies evaluating liners with different perforation areas demonstrate that reduced perforation
fractions modify internal headspace gas concentrations, indicating that restricted gas exchange can
lead to substantial atmosphere shifts inside the carton.** Recent packaging reviews similarly
highlight that film permeability and vent configuration govern the movement of O,, CO,, and
water vapor in table-grape packaging, and that low-vent systems can develop atmospheres that
diverge from ambient conditions when respiration exceeds diffusive exchange.!* Together, these
findings indicate that sealed or minimally ventilated liners can accumulate CO,, especially under

conditions of low airflow and high metabolic activity.

Interactions between plastic liners and SO, pad systems further highlight the importance of gas
exchange within packaged table grapes. Experimental studies have shown that the concentration
and distribution of SO, within the package atmosphere depend strongly on the permeability and
sealing characteristics of the liner, which regulate the rate of gas exchange between the package
headspace and the surrounding environment.3* When liners are poorly ventilated or tightly sealed,
SO, released from the pad may accumulate within the enclosed atmosphere before diffusing out

of the package, increasing the likelihood of localized overexposure.

While sustained low concentrations of SO, are necessary for effective decay suppression,

excessive accumulation within the liner environment can increase the risk of berry bleaching and
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282  rachis injury, particularly when free moisture is present on fruit surfaces. These interactions
283  illustrate that liner design not only influences humidity retention and moisture loss but also governs

284  the internal distribution and residence time of SO, within the package.

285  Taken together, the available studies indicate that liner ventilation area cannot be optimized based
286  on a single performance criterion. Non-perforated systems maximize humidity retention and SO,
287  residence time but impose significant resistance to airflow, limiting cooling efficiency and
288  increasing the risk of CO, accumulation. Conversely, increasing perforation area enhances
289  convective heat and mass transfer, improving cooling uniformity but reducing humidity control
290 and SO, retention. The optimal ventilation configuration therefore represents a system-level
291  compromise, dependent on fruit respiration kinetics, airflow conditions during precooling, and SO,
292  release characteristics. Current commercial practices, which employ limited macro-perforation,
293  implicitly reflect this trade-off;, however, quantitative thresholds for optimal perforation area
294  remain insufficiently defined and require integrated modelling approaches that couple gas

295  exchange, airflow, and SO, dynamics.

296  2.5.2 Macro-perforated liners

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

297  Macro-perforated liners, typically incorporating 4-6 mm diameter holes with total ventilation

298  areas between approximately 0.3% and 2.7% represent the current industry standard in many

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

299  exporting regions.** The introduction of discrete perforations substantially reduces airflow
300 resistance relative to sealed liners and improves cooling efficiency while maintaining high relative

301 humidity.’

(cc)

302 Lichter et al?’ showed that controlled perforation enabled maintenance of high RH while
303  preventing excessive CO, accumulation, resulting in improved rachis appearance. Fonseca et al.*>
304  demonstrated that steady-state CO, concentrations scaled with perforation area, indicating that
305  mass transfer was dominated by hole geometry rather than intrinsic film permeability. Similarly,
306 Ngcobo et al’® quantified airflow resistance through multi-scale table grape packaging and
307  demonstrated that liner films contributed 40—83% of total pressure drop depending on perforation
308 level, confirming that gas exchange under forced convection was governed primarily by total open
309 area and hole diameter rather than fruit bulk characteristics. The trade-off between decay

310  suppression and bleaching is well illustrated by*. Liners with low ventilation area (0.3%)
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maintained higher SO, concentrations and reduced decay by 76.1% but induced 10.3% berry
bleaching. Increasing ventilation area to 2.7% reduced bleaching to 0.5% but increased decay to
24.3%. These findings demonstrate that macro-perforated liner design constitutes a multi-objective

optimization problem balancing SO, retention against gas exchange.

2.5.3 Micro-perforated liners

Micro-perforated liners employ smaller, more uniformly distributed perforations to achieve finer
control of gas exchange. Compared to macro-perforated systems, they reduce airflow resistance
while potentially allowing more stable atmospheric regulation. Amorim et al.3* compared non-
perforated, macro-perforated, and micro-perforated bags and reported that non-perforated liners
minimized weight loss (4.84%) but required longer cooling times, whereas micro-perforated
systems improved cooling and reduced berry abscission (0.43%) at intermediate pallet levels.
Ngcobo et al.® similarly observed reduced airflow impedance with perforated liners relative to
sealed systems.” However, the impact of micro-perforation on rachis browning remains
inconsistent across studies. Some trials indicate that reduced weight loss does not necessarily
prevent rachis discoloration under extended storage, suggesting that rachis physiology responds to
additional microclimatic variables beyond bulk humidity. Conversely, Raban e al.%® reported
reduced rachis browning in micro-perforated systems, highlighting the influence of cultivar,
storage duration, and temperature stability.*® Because micro-perforated systems are sensitive to
temperature fluctuations and total ventilation area, their performance depends strongly on cold
chain stability. Small changes in temperature can alter respiration-driven gas accumulation,

potentially shifting equilibrium conditions.

2.5.4 Systematic MAP-guided liner design in table grapes

Despite extensive empirical evaluation of perforation area, airflow resistance, decay incidence,
bleaching, and weight loss, liner selection in table grapes has rarely been derived from a predictive
modified atmosphere packaging (MAP) framework grounded in respiration kinetics and mass-
balance principles. Chen et al.#’ provided a clear example of such a framework in ‘Kyoho’ table
grapes. Using measured O, consumption and CO, production rates, combined with film

permeability data, they derived the required film thickness necessary to achieve a predefined
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339  equilibrium atmosphere within safe physiological limits. Their approach was based on steady-state

340  mass balance:

341 ko, A(Ozext — O2in) = Ro,(T) m ey
342 k¢o,A(CO2in — COzext) = Reo,(T)m (2)
343  where k;(m s!) represents the overall transfer coefficient (film + perforation + boundary layer), A
344  (m?) represents effective exchange area, m is fruit mass (kg), and R;(T) (mol kg'! s'!) temperature-
345  dependent respiration rates. For perforated liners, gas transfer through the polymer matrix and
346  through perforations occurs in parallel, such that the overall transport capacity is the sum of film
347  and perforation contributions (i.e., (kA)total = (kA)film + (kA)perf), while boundary layer
348  resistances act in series with this combined pathway. The effective overall transfer coefficient k;

349 s defined with respect to the total external area A,

350k = A+ RA)pert

4

Atotal
351 (3)
352  Expanding:
353 kl — kﬁlmAﬁlm+kperfAholes (4)

A

total

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

354  Here, Ag)y, and Ay, represent the polymer-covered area and total perforation area, respectively,

355  such that the overall transport capacity is given by the sum of pathway-specific conductance. The

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

356  perforation contribution reflects combined diffusive and airflow-driven exchange through discrete

357 openings and is therefore strongly influenced by perforation geometry and external airflow

(cc)

358  conditions.

359  Dividing the two mass balance relationships links internal CO, and O, via the respiratory quotient
360  (RQ), demonstrating that equilibrium atmosphere is jointly determined by respiration kinetics and
361  package transport properties. Importantly, Chen et al#’ first defined a target O,—CO, window to
362  avoid anaerobic injury (<1-2% O,) and excessive CO, damage (>10-15% CO,, cultivar- and
363  temperature-dependent), and only then derived packaging specifications from kinetics and
364  permeability parameters. Experimental validation confirmed that model-derived film selection was

365  more reliable than empirical trial-and-error approaches.
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In contrast, most table grape liner studies vary perforation area (e.g., 0.3-2.7% ventilation area)
and evaluate decay or bleaching outcomes post-storage, without first defining a cultivar-specific
atmospheric target range or verifying whether the tested liner configuration satisfies respiration—
diffusion balance constraints. Perforation number is therefore adjusted empirically rather than

derived from mass-balance requirements.

From a mechanistic perspective, respiration in table grapes must be described within a coupled
diffusion-reaction framework, in which internal gas transport and metabolic activity jointly
determine headspace composition. At the fruit surface, gas exchange across the skin is governed

by a first-order mass transfer boundary condition:

ac; _
—Deio-= hi,skin(Ci Cext,i)

)

where D, ;(m? s7) is the effective diffusivity within the tissue, h; gxin (m s7) is the skin mass transfer
coefficient, C;(mol m=) is the internal gas concentration, and Cey;; (mol m3) is the corresponding
headspace concentration. This boundary condition describes mass transfer across the fruit skin,
linking internal diffusion within the tissue to gas exchange with the surrounding headspace. Within
the fruit, respiratory gas exchange is governed by Michaelis—Menten-type kinetics distinguishing
oxidative and fermentative pathways. The local oxygen consumption rate Rp,and carbon dioxide

production rate R¢o,are expressed as:

Vmo, Co
Ry, = — omozCor 6
02 Kumo,+Co, (6)
— Vm,f,CO
Rco, = —Tgox Ro, + 2

2 1+Co, /Km0,

()

where Vi 0,and Vi £.co,(mol m™ s!) are the maximum oxidative and fermentative respiration
rates, respectively; Ky o,and K, r0,(mol m>) are the Michaelis—-Menten constants describing
oxygen affinity and fermentative inhibition; Cp,(mol m) is the local oxygen concentration; and
7q,0x () is the respiratory quotient under fully aerobic conditions.*® These expressions capture the

transition from aerobic respiration to fermentative metabolism under low oxygen availability,
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395  which is critical for defining safe atmospheric limits in table grape packaging. The temperature

396  dependence of respiration is described using an Arrhenius relationship:

Ea'Vmi 1 _1
397 Vm,i = Vm,i,refeXp [ R ' (T_f F)] (8)
398

399  where Vi irer is the reference maximum rate at temperature T, E aVm:(J mol ) is the activation
400  energy, R is the universal gas constant, and T(K) is the absolute temperature. This formulation

401  reflects the strong, non-linear sensitivity of respiration to temperature.

402  These kinetic expressions are coupled to gas transport within the fruit tissue through the diffusion—

403  reaction equation:

ac;

404 s

405

=V-(D,VC;) +R; €©)

406  where a;represents the gas solubility capacity of the tissue and R; (mol m-3 s'!) is the reaction term
407  defined by the respiration kinetics (Eqn. (6) and (7)). Together with the surface boundary

408  condition, this formulation provides a physically consistent description of spatio-temporal gas

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

409  dynamics in the fruit.

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

410  The conceptual structure of a predictive MAP-guided liner design strategy for table grapes is

411  illustrated in Figure 4. The framework integrates (i) cultivar-specific respiration kinetics and safe

(cc)

412  atmospheric windows, (ii) steady-state mass-balance equations linking respiration to effective
413  transfer coefficients, and (iii) liner design variables such as perforation geometry, film properties,
414  and ventilation area. In this approach, liner specification is derived from predicted equilibrium gas
415  composition rather than inferred from post-storage quality measurements. The figure also contrasts
416  this mechanistic pathway with the commonly adopted empirical method, where perforation
417  percentage is varied and evaluated retrospectively. Adoption of such a framework would reposition
418  liner design as a constrained optimization problem embedded within the broader carton—pallet—
419  cold chain system. Particularly under export conditions characterized by temperature variability

420  and spatial airflow heterogeneity, a kinetics-based MAP design approach provides a rational basis
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for selecting ventilation area and film properties that maintain internal atmospheres within

cultivar-specific safety limits.

Physiological Inputs

Respiration Kinetics

* Michaelis—-Menten parameters
» CO; inhibition effects
* Arrhenius temperature dependence

Rg, (T), Rcoz(T) ‘

ko,

Steady-State Gas Balance

A(oz.ext - Oz,in) = ROZ (T)m —
lkl:‘();! A(Coz,in = 02.ext) = Rcoz(T)m

Liner Design Variables

Perforation Geometry
* Hole diameter
* Number of holes
» Total open area

Film Properties

* Permeability
¢ Thickness
o Permselectivity

Cold Chain Praofile

» Temperature variability
= Cooling rate
« Airflow heterogeneity

_J

k, : Effective transfer coefficient
A : Total ventilation area
Safe Atmospheric Window e
* 0, lower limit T : Temperature-dependent
s CO, upper limit
e Cultivar constraints
Current Empirical
Approach
« Vary perforation % Predicted Outputs
* Store fruit I Predicted Internal Atmosphere Risk Assessment
> Messurapcaliyy * 0,in * Anaerobic injury
. CO,;, » CO, injury
i = Decay risk
l * 50, bleaching risk

Figure 4: Conceptual framework for predictive MAP-guided liner design in table grapes.

2.6  Sulphur dioxide (SO;) technology in the table grape

2.6.1 Postharvest SO, application modes

Sulphur dioxide (SO;) has long been the primary technology used to control Botrytis cinerea in

commercial table grape cold chains, and it can be delivered through several postharvest application

modes. One approach is short-term fumigation, where grapes are exposed to relatively high

concentrations of gaseous SO, shortly after harvest to reduce microbial load and suppress surface

infections before packaging. Experimental studies have shown that carefully controlled fumigation

treatments can effectively reduce decay and pest incidence while maintaining acceptable fruit

quality when appropriate dose and exposure durations are applied.!> 4% 4 However, because

fumigation provides only temporary protection, it is typically complemented by additional decay-

control strategies during long-distance storage and export.
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436  In modern packaging systems, SO, is most commonly delivered through in-package SO,-
437  generating pads, which release the gas gradually within the package headspace during storage and
438  transport. These pads are widely used because they provide sustained antifungal activity while
439  maintaining the low-temperature and high-humidity conditions required to preserve fruit quality.
440  Recent studies continue to confirm the effectiveness of pad-based SO, delivery in suppressing gray
441  mold and maintaining commercial quality attributes in stored table grapes.!3 Variations in pad
442 design, including slow-release and dual-release systems, are used to regulate the timing and

443  intensity of SO, exposure during storage.

444  In addition to these two principal approaches, integrated strategies combining early postharvest
445 SO, treatments with in-package delivery systems have also been explored to extend storage
446  duration under commercial conditions.*® Collectively, these approaches demonstrate that SO,
447  application in table grape supply chains encompasses multiple delivery modes, each designed to
448  Dbalance effective decay control with the need to avoid excessive exposure that could lead to berry
449  bleaching or quality deterioration. The mechanisms and performance of in-package SO, pad

450  systems are discussed in greater detail in the following sections.

451  The comparative performance of these SO, delivery strategies across cultivars and storage

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

452  conditions is summarized in Table 2. While the general efficacy of SO, is well established, the

453  reported outcomes reveal substantial variability in response depending on cultivar sensitivity,

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

454  storage duration, and delivery configuration, including the use of dual-release systems, modified

(cc)

455  atmospheres, and combined treatments. These studies collectively illustrate that optimization of
456 SO, application is not solely a matter of dose, but of delivery dynamics and system context, which

457  ultimately govern both decay control and quality preservation.

458
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Table 2: Summary of reported effects of SO, delivery strategies on decay control and quality preservation in table grape cultivars

Table grape
cultivar Treatment Principal outcomes References
‘Italia’ Field SO, application combined with dual-release =~ Combined field and in-package SO, delivery reduced gray mold 30
SO, pads during cold storage (=0—1 °C; up to 90 incidence and maintained cluster visual quality during long-term
d) storage.
‘Italia’ Slow-release and dual-release SO, pads in Dual-release pads provided superior gray mold control without 13
clamshell packaging with micro-perforated liners  significant changes in physicochemical quality; fast-reduced
(1°C; 50 d + 7 d shelf life) variants were effective for SO,-sensitive cultivars.
‘BRS Nubia’ SO,-generating pad during cold storage (2 °C, Gray mold incidence reduced by approximately 50% relative to 16
30 days; =Botrytis cinerea inoculation) untreated controls; quality attributes remained within acceptable
limits.
‘Scarlotta SO,-generating pads combined with ethanol Approximately 90% of clusters remained marketable after St
Seedless’ treatment during extended cold storage (=14 storage, with limited berry breakdown.
weeks)
‘Red Globe’ Periodic SO, fumigation combined with modified = Repeated low-dose fumigation effectively suppressed fungal 2
atmosphere packaging (0—1 °C; up to 240 d) development and preserved overall quality during very long
storage.
‘Kyoho’ Constant SO, concentrations (=28—57 mg m™) Higher SO, concentrations were required to control decay at 33
applied at different temperatures (0-25 °C) elevated temperatures, while lower concentrations were sufficient
under cold storage.
‘BRS Vitoria’ Slow-release, dual-release, and fast-reduced dual-  Fast-reduced dual-release pads effectively controlled gray mold 4
seedless release SO, pads during cold storage for up to 50 d, including in inoculated fruit
‘BRS Vitoria’ Dual-release SO, pads applied to Botrytis Gray mold was effectively suppressed without detrimental effects 5
cinerea-inoculated grapes during cold storage on berry quality
‘Kyoho’ Sustained-release SO, agents under simulated SO, treatment reduced decay, berry abscission, and weight loss 49
transport vibration (=56 d storage) under both static and vibration conditions.
‘Sugrathirtyfive’ Single-release vs. dual-release SO, pads under No statistically significant differences in decay control or quality 26
seedless commercial cold storage (=40 d) attributes between pad types under the tested conditions.
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461  2.6.2 SO;-releasing pads system and the peak-dose problem

462  Emission studies indicate that SO,-generating sheets typically exhibit dual-phase release behavior,
463  consisting of an initial rapid release of SO, followed by a prolonged period of lower, sustained
464  emission.’® The early high-release phase contributes to rapid suppression of Botrytis cinerea;
465 however, excessive transient SO, concentrations may cause localized injury such as berry
466  bleaching and increased residue levels when exposure is not well controlled.?® In conventional
467  commercial configurations, SO, pads are positioned above the fruit beneath a plastic liner, which
468  can create concentration gradients within the package. Under limited mixing conditions, the upper
469  punnet or fruit layer may therefore experience the highest transient SO, dose.'* 3° These
470  interactions highlight the importance of packaging design and microclimate management in

471  balancing effective decay suppression with the avoidance of SO, injury.

472  2.6.3 Intermediate barrier layer as a peak-exposure mitigation strategy in SO, pad systems

473  Figure 5 provides a modified configuration in which an intermediate porous barrier sheet is
474  inserted between the SO,-generating pad and the uppermost fruit layer. This additional step,
475  illustrated in panel (c), represents a subtle but mechanistically important modification to the

476  conventional packaging sequence described by de Aguiar et al.'* In the conventional

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

477  configuration, the SO,-generating pad is placed directly above the packed fruit under a sealed liner.

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

478  To this end, the shortest transport pathway from source to fruit coincides with the region of highest

479  instantaneous concentration. In practice, fruit located closest to the SO, generator pad, typically

(cc)

480  the berries positioned at the top of the punnet, may experience the highest transient exposure during
481  the early release phase.’® Excessive SO, accumulation at these locations has been associated with
482  berry surface bleaching and tissue injury, when exposure exceeds tissue tolerance.*® 57 The
483  insertion of an intermediate porous sheet, as shown in panel Figure 5 (c), modifies this source—
484  fruit interface. Instead of direct pad-to-headspace transfer, the pathway becomes: “SO, pad —
485  porous barrier — headspace — fruit surface”. From a mass-transfer perspective, this introduces an
486  additional diffusive resistance in series with the pad interface, thereby moderating the rate at which

487 SO, enters the package headspace and reaches the fruit surface.

488  In addition to this transport effect, the porous barrier itself, typically a plant-based paper sheet,

489  may interact with SO, through sorptive processes. Cellulose-based materials possess abundant
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hydroxyl functional groups and porous microstructures that enable adsorption of various gases and
pollutants.’® 5 Consequently, the barrier may function not only as a diffusion resistance but also
as a partial sink that attenuates transient concentration peaks above the fruit layer. Similar coupled
processes of convection, diffusion, and adsorption have been reported for other postharvest gases,
including 1-methylcyclopropene (1-MCP), where interactions with materials and biological tissues
influence gas distribution within storage environments.'® However, the extent to which plant-based
barrier sheets absorb or buffer SO, within table grape packages remains largely unquantified, and
the overall mass balance of SO, among the gas phase, fruit tissues, and packaging materials has

received limited attention in the literature.

The barrier effect cannot be evaluated in isolation. Liner perforation density and carton vent
alignment govern convective exchange and SO, retention.!# Higher air velocities during forced-
air precooling may reduce stratification but also increase convective SO, loss; conversely,
unperforated liners may improve retention but elevate condensation risks. Accordingly, barrier
insertion is best viewed as a controllable “dose-shaping” element within the broader pad—liner—

vent system.

Figure 5 Packaging sequence illustrating incorporation of an intermediate barrier sheet between the fruit
and an SO,-generating pad in a table grape export carton. (a) Perforated plastic liner inserted into the carton.
(b) Punnets loaded with grapes. (c) Intermediate barrier sheet placed directly on top of the punnets (barrier
insertion step). (d) SO,-generating pad positioned on top of the barrier sheet. (¢) Moisture-absorbing sheet
placed above the pad assembly. (f) Liner sealed to complete the package microenvironment. Arrows
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511  indicate the operational sequence; panel (c) highlights the barrier step that distinguishes this configuration
512  from the conventional pad-on-top system commonly used in commercial practice and described by de
513  Aguiar et al. (2023).

514 2.7 Punnet and clamshells in table grapes packaging

515  Retail-ready punnets and clamshells are the dominant internal packaging format in export-oriented
516  table grape supply chains, replacing bulk loose-pack systems in many markets because of
517  improved unit protection, traceability, and consumer handling convenience.?!-* However, beyond
518  these commercial drivers, punnet and clamshell geometry plays an active role in governing heat

519 transfer, moisture dynamics, and SO, redistribution within export cartons.

520  Figure 6 illustrates a representative clamshell design (=160 mm x 90 mm footprint) (Figure 6 (a)),
521  showing discrete circular and slot vents in the lid (e.g., @10 mm and 5 mm perforations), Figure 6
522 (b) shows a punnet with sidewall circular @8 mm vent openings (~21 mm spacing). Both
523 clamshells and punnets usually have reinforced ribbed sidewalls. These geometric features define
524  the effective open area ratio, internal headspace volume, and airflow resistance of the retail unit.
525  Because punnets are arranged in arrays within vented cartons, their orientation and vent alignment

526 relative to carton vents influence convective heat removal and gas exchange during both

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

527  precooling and storage.?%- 43
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528

529  Figure 6: Representative geometry of a vented table-grape clamshell (a) and punnet (b) unit. Dimensions
530  show a typical retail scale (160 mm x 90 mm footprint).
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A characteristic feature visible in the Figure 6 is the presence of vertical grooves or ribs along the
sidewalls of the punnet. These grooves increase the external surface area relative to a smooth-
walled container. From a heat transfer perspective, increasing external surface area enhances the
available area for convective heat exchange. Although few table grape studies isolate the effect of
punnet rib geometry specifically, packaging-level cooling investigations consistently show that
airflow distribution and exposed surface area influence temperature uniformity and cooling time
within cartons.?% 4> Therefore, ribbed punnet surfaces should not be considered purely structural
reinforcements; they may contribute to enhanced local convective exchange and turbulence

generation at the micro-scale.

2.7.1 Vent architecture: circular side holes and lid perforations

Figure 6 highlights the circular side-wall vents common in commercial punnets, typically four
openings along each long side. Along with lid perforations, these vents determine the resistance
between the carton headspace and the punnet interior. Vent diameter, spacing, and total open area
define airflow pathways and strongly influence heat- and mass-transfer behaviour. Experimental
and computational studies show that vent-hole ratio and vent alignment modify airflow resistance
and cooling efficiency in punnet and clamshell systems. Larger or more numerous openings reduce
pressure drop and improve cooling rate during forced-air precooling.® Vent geometry also
influences internal humidity and gas exchange during storage, with permeability and vent area

affecting how rapidly vapour conditions equilibrate between carton and punnet.*3

Ventless punnets are used in some supply chains to promote humidity retention and reduce rachis
dehydration. Because rachis tissue exhibits higher transpiration and contributes disproportionately
to visible quality loss, reduced airflow can reduce local vapour-pressure deficit and slow
browning.> 3! However, smaller vent area increases airflow resistance and may slow cooling,
modify SO, penetration kinetics, and increase condensation sensitivity during temperature

fluctuations.!4 44

In contrast, fully vented punnets facilitate rapid heat removal and more uniform gas equilibration
but may increase moisture loss when carton-level RH is not adequately controlled. Although

several studies quantify vent-related differences in airflow resistance and cooling, direct
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559  comparisons of vented versus ventless punnets under extended export simulation remain limited.
560  Consequently, commercial practice often reflects empirical preference rather than mechanistically

561  optimised design criteria.*?

562  2.7.2 Interaction with SO, peak-dose dynamics

563  Punnet vent architecture directly influences the propagation of early SO, peaks from the pad into
564  individual retail units. In the conventional pad-on-top system'4, early biphasic release may create
565 transient high concentrations near the top carton layer®®. If punnet lid vents are large and directly
566  aligned with the source, equilibration may be rapid, increasing top-layer exposure. If vent area is
567  limited, internal diffusion may delay equilibration but potentially increase heterogeneity within

568  the punnet. When an intermediate porous barrier is inserted between pad and fruit (as discussed in
569  the preceding subsection), the resistance network expands: (Pad—Barrier—Carton headspace—

570  Punnet vents—Berry surface). In this system, punnet vent geometry determines how effectively
571  attenuated SO, flux redistributes within each retail unit.#! Thus, punnet design cannot be decoupled

572  from pad placement strategy in evaluating peak-dose risk and exposure uniformity.

573  Punnet and clamshell packaging should be regarded as multi-functional microenvironment

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

574  regulators. Their ribbed surfaces influence convective heat transfer area; their vent architecture

575 governs airflow resistance, cooling rate, humidity retention, and SO, penetration; and their
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576  structural rigidity maintains geometric stability under pallet loads. Despite their central role in

(cc)

577  determining cooling performance, water loss dynamics, and SO, exposure patterns, systematic
578  comparative data on vented versus ventless designs under realistic export conditions remain
579  limited. Given the demonstrated sensitivity of rachis tissues to VPD and of fruit surfaces to
580 transient SO, peaks?’, further mechanistic evaluations of punnet geometry represent an important

581  opportunity for optimizing postharvest performance in export-oriented table grape supply chains.

582 3 Innovative packaging technologies for table grapes
583 3.1 The central role of SO, in table grape storage

584  Packaging innovation in table grape systems is strongly shaped by the need to control postharvest

585  decay and maintain rachis quality during extended cold storage and long-distance export. Among
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postharvest challenges, decay caused primarily by Botrytis cinerea remains the dominant storage
problem, while rachis browning is widely recognized as the second most important quality
limitation affecting marketability.>! Because of these dual constraints, SO,-based technologies
have become indispensable in commercial table grape storage systems, as they effectively suppress
fungal decay while also contributing to the mitigation of rachis browning and the preservation of

bunch appearance during storage and transport.!4 3139

In commercial export systems, SO, delivery is typically integrated with packaging configurations
that include liner bags, carton ventilation features, and palletized airflow pathways. These
components collectively regulate humidity retention, gas diffusion, and fumigation effectiveness
within packed fruit environments.%*3-# Consequently, packaging functions not only as a structural
containment system but also as a microenvironmental regulator that governs mass transfer, gas

distribution, and microbial suppression during storage and transport.

Despite the effectiveness of SO,-based preservation, increasing attention has been directed toward
packaging innovations that may complement or partially replace conventional approaches. These
developments aim to enhance microbial suppression, regulate physiological responses, reduce
moisture loss, and improve compatibility with evolving sustainability requirements and export
logistics. Emerging strategies therefore focus on active packaging technologies, diffusion-
modifying edible coatings, atmospheric manipulation, and biodegradable packaging materials,

each seeking to improve the interaction between packaging systems and fruit physiology.

3.2 Active packaging systems: antimicrobial and ethylene-modulating approaches

Active packaging technologies introduce functional compounds into films, coatings, or sachets to

suppress fungal growth or modulate physiological responses. Essential oil-based systems have
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608  been widely investigated for antifungal efficacy against Botrytis cinerea. Oils such as oregano,
609  cinnamon, thyme, clove, and neem exhibit inhibitory effects and have been incorporated into
610  polymer matrices or vapor-phase systems.®*%2 Yun et al® used composite essential oil
611  microcapsules (CEOM) incorporated into biodegradable PCL/PLLA films combined with passive
612  modified atmosphere packaging (PMAP). It extended the shelf life of table grapes from 12 days
613  (control) to 28 days at 12°C storage, more than doubling the duration (~133% extension), while
614  maintaining optimal gas levels (e.g., ~6.4% O, and 14% CO,), significantly reducing spoilage
615 microbes (e.g., fungal counts halved, major pathogens like Penicillium and Rhizobium

616  suppressed), and preserving overall quality.

617  Despite promising antifungal performance, several limitations constrain commercial adoption.
618  Essential oil volatility and release kinetics are highly temperature-dependent, potentially leading
619  to rapid depletion or uneven distribution within cartons. Compatibility with SO, pads remains
620  uncertain, as synergistic or antagonistic effects between antifungal vapors and sulphur dioxide
621  have not been systematically quantified. Moreover, sensory thresholds and potential flavor tainting

622  remain critical concerns for export markets.

623  Ethylene-modulating technologies represent another active packaging strategy. Although table

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

624  grapes are considered non-climacteric, rachis senescence is influenced by ethylene sensitivity.

625  Soldateli e al.%* demonstrated that 1-MCP treatment significantly improved rachis visual quality,
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626  even when berry appearance remained largely unaffected.® These findings suggest that targeted
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627  ethylene inhibition may complement traditional SO,-based decay control, particularly in long-
628  distance supply chains where rachis browning determines market acceptance. However,
629 integration with modified atmospheres and fumigation regimes requires further mechanistic

630  evaluation.

631  Overall, active packaging strategies demonstrate potential but remain insufficiently integrated with
632  mass-transfer modelling and pallet-scale airflow dynamics.
633 3.3 Edible coatings and surface modulation technologies

634  Edible coatings have been investigated as diffusion-modifying barriers that reduce transpiration,

635 delay senescence, and enhance antimicrobial resistance. Chitosan-based coatings, alone or
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combined with polysaccharides, have shown improvements in firmness retention and decay
suppression. Eshghi et al.® reported that chitosan—gum ghatti coatings improved postharvest
quality attributes, while Melo et al.%® demonstrated chitosan nanoparticles (eco-friendly/edible)
delaying ripening, reducing weight loss/soluble solids increase (linked to softening), minimizing
decay/microbial growth, and preserving overall quality (including reduced browning/softening

indicators) in table grapes during cold storage.

Mechanistically, edible coatings alter surface resistance to water vapor and gas diffusion, thereby
modifying internal O, and CO, gradients. However, few studies quantify effective diffusivity
changes or integrate coating permeability into respiration—diffusion models. Without such
quantification, predicting internal atmospheric shifts under variable temperature regimes remains
challenging. Additionally, coating uniformity on complex grape clusters introduces variability that

is seldom addressed in experimental design.

3.4 Modified atmosphere and high-CO; interventions

Modified atmosphere packaging (MAP) and controlled atmosphere (CA) systems regulate O, and
CO, concentrations to slow respiration and suppress microbial growth. Conventional MAP
approaches increase CO, and reduce O, through passive equilibration, while CA storage actively
controls atmospheric composition.®” Beyond traditional respiration suppression, short-term high-
CO,, treatments have been shown to induce physiological tolerance. Rosales et al.>’ demonstrated
that exposure to 20 kPa CO,, for three days significantly reduced rachis browning, relative water
content decrease during 33 days of storage at 0 °C. These treatments appear to enhance membrane

stability and stress tolerance rather than merely suppress respiration.

However, the practical implementation of cyclic CO, treatments introduces operational
complexity. Additional chamber requirements, timing control, and workflow adjustments may
limit scalability in high-throughput export operations. Compared to passive SO, sheet application,
controlled CO; cycling demands infrastructure and precision that may not be feasible in all supply

chains.

Similarly, Cefola and Pace® demonstrated that high-CO, MAP (10% CO, with 20% O,)

effectively preserved organic ‘Italia’ grapes without sulphur dioxide during short-term storage.
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664  While promising for niche organic markets, the stability of such atmospheres under fluctuating

665  export temperatures remains uncertain.

666  These findings suggest that atmospheric interventions can substitute or complement SO, under
667  controlled conditions, but their robustness under real export variability requires further modelling

668  and validation.
669 3.5 Biodegradable materials

670  Indumathi et al.%® explored biodegradable packaging by testing bio-based polysaccharide films,
671  finding them effective in preserving table grape quality. These biodegradable materials align with
672  growing sustainability demands, offering viable alternatives to conventional plastics. However,
673  the balance between ecological benefits, cost-effectiveness, and compatibility with current SO,

674  fumigation protocols remains a research gap.

675  Amorim et al.*} emphasized the critical role of packaging liners in managing moisture and cooling
676  dynamics for table grapes. Their study found that while unperforated liners maintained the highest
677  relative humidity (RH), they also resulted in the longest cooling times. Furthermore, the level of

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

678  palletization was shown to influence both temperature and RH. However, the long-term

679  implications of liner selection and its interaction with variable environmental conditions remain
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680  underexplored, representing a key opportunity for future optimization.
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681  Active packaging systems, particularly those incorporating ethylene absorbers or reducers, show
682  significant promise for extending grape shelf-life. This potential was demonstrated by Soldateli et
683  al% who found that while 1-MCP (a common ethylene inhibitor) had a minimal effect on berry
684  appearance, it significantly improved the visual quality of the rachis during storage. Such
685  technologies are especially valuable for long-distance supply chains where maintaining quality is
686  critical. However, further research is essential to fully understand their interactions with grape
687  physiology and to integrate them effectively with established preservation methods like SO,
688  generator pads.
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Innovative packaging design is pivotal for optimizing airflow, improving cooling rates, and
reducing postharvest spoilage. South African table grapes, destined for distant export markets,

could benefit significantly from these enhancements.

4 Mathematical modelling and simulation in cold chain optimization
Mathematical modelling and simulation have increasingly been used as analytical tools to
investigate transport processes within fresh produce cold chains. These approaches extend beyond
descriptive quality assessments and enable mechanistic analysis of airflow distribution, heat
transfer, gas diffusion, moisture loss, and fungicide dynamics within carton—pallet—container
systems. However, modelling efforts in table grapes remain fragmented, typically focusing on
isolated components rather than integrated packaging—physiology systems. The dominant
modelling domains in table grape cold chain research include: (i) packaging box design, (ii) plastic

liner behaviour, (ii1) SO, pad release and distribution, and (iv) airflow and cooling rate uniformity.

4.1 Packaging box design and structural performance

Carton design influences airflow pathways, cooling efficiency, and mechanical stability within
palletized produce systems. Computational fluid dynamics (CFD) studies by Ambaw et al.® and
Ngcobo et al.>>* demonstrated that vent hole size, position, and alignment can significantly affect
airflow distribution within pallets. Poor vent alignment reduces convective heat removal and may
contribute to cooling heterogeneity and localized condensation risks. Complementing these
airflow investigations, A study that applied finite element analysis (FEA) to evaluate stress
distribution in ventilated corrugated packaging, identified structural weaknesses that may lead to
mechanical damage during handling and transport.”® Such modelling approaches provide valuable

insight into packaging durability and mechanical integrity.
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711  However, the relative importance of carton ventilation design in table grape systems differs from
712 that observed in other fruit industries such as pome fruit or citrus. In commercial table grape
713 packaging, the presence of plastic liner bags, SO, generator pads, and internal packing
714  configurations substantially alters airflow resistance and gas diffusion pathways within cartons.
715  These components often act as dominant regulators of the package microenvironment, partially
716  masking the influence of carton vent geometry on cooling behaviour and internal airflow patterns.
717  Consequently, airflow and heat transfer dynamics in table grape systems are governed not only by
718  carton design but also by the combined resistance imposed by liners and internal packaging

719  elements.

720  Furthermore, most packaging box modelling studies evaluate airflow behaviour or mechanical
721  resistance independently, without explicitly linking design modifications to downstream

722  physiological outcomes such as decay kinetics, rachis browning, or SO, injury. This separation

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

723 limits the predictive capacity of modelling frameworks for quality preservation. Future modelling

724  efforts therefore require integrated carton—liner—fruit system analysis, where structural
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725  performance, airflow pathways, and physiological responses are considered simultaneously to
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726  better represent the complexities of commercial table grape cold chains.

727 4.2 Plastic liner modelling and gas—moisture transfer

728  Plastic liners introduce an additional resistance layer that alters convective airflow and diffusive
729  gas exchange. Delele et al.?’ conducted 3D CFD simulations incorporating liner configurations
730  and demonstrated that non-perforated liners prolonged cooling times and increased condensation
731  risk.?? Perforated liners improved airflow and reduced moisture accumulation under high-humidity

732 conditions.
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However, most liner modelling efforts focus primarily on airflow impedance and cooling time.
Few studies integrate liner mass transfer behaviour with respiration-driven gas accumulation using
steady-state or transient diffusion—reaction frameworks. As discussed in Section 2.5.4, systematic
MAP-liner design remains largely absent in modelling studies, despite the feasibility demonstrated

in kinetics-based packaging design literature.

Furthermore, liner modelling is often performed under steady temperature assumptions, while
export cold chains experience dynamic thermal profiles that alter both respiration and effective

mass transfer coefficients.

4.3 SO, pad release modelling and distribution dynamics

SO, generator pads are critical for decay control, yet their interaction with packaging geometry
and airflow has been under-modelled relative to their commercial importance. Experimental
studies show that ventilation resistance strongly affects SO, concentration distribution and
bleaching risk.3% 4 However, quantitative modelling of SO, release kinetics coupled with airflow
and absorption remains limited. Few modelling efforts incorporate pad release rate kinetics, SO,
diffusion within liner-constrained systems, spatial heterogeneity across pallet positions and SO,
sorption by fruit and packaging materials. Without coupling SO, transport to airflow and liner
mass transfer, predictive control of fungistatic concentration versus bleaching thresholds remains

incomplete.

4.3.1 Mechanistic basis for modelling SO, release and distribution

To moderate localized effects without compromising decay control, some packers introduce a
porous intermediate barrier (Figure 5, (¢)) between the SO, pad and the punnets. Although specific
material properties of barrier sheets are not yet documented in the peer-reviewed literature, its

functional role can be understood as an added diffusive resistance that reshapes peak exposure. In
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756  a carton system without a barrier, the transient molar flux from pad to headspace can be

757  approximated as:

758 Jo() = kOA(Cpad(t) — Cns(®)) (10)where
759  Jo(t) is the molar flux (mol s ~1), k is an effective mass transfer coefficient (m's ~1), A is transfer
760  area (m 2), Cpqq(t) is near-pad SO, concentration (mol m-3), and Cj;(t)is headspace concentration
761  (mol m?3). This formulation represents a lumped, one-dimensional approximation in which
762  transport across the pad—headspace interface is assumed to be diffusion-dominated. Convective
763  effects associated with airflow within the carton (e.g., during forced-air cooling or storage
764  ventilation) are not explicitly resolved but are incorporated implicitly within the effective
765  coefficient kq. As such, this expression captures first-order release dynamics rather than spatially

766  resolved transport.

767  With the introduction of an intermediate porous layer, the flux can be expressed in resistance form:

768 J(t) = A(Cpaa(®=Crs(®) (1)

Rpad+Rshield

769 Rpaa =1 (12)
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(13)where J(t) is the molar flux (mol s!), R ,q and Rgy;ejq are mass transfer
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771  resistances (s m™), L is the barrier thickness (m), and D giclq is the effective diffusivity of the
772 barrier material (m?-s™!). The barrier thus introduces an additional resistance in series with the pad—
773  headspace transfer pathway, reducing the net flux, particularly during the early high-release phase.
774  The headspace concentration C(t) is treated as a spatially averaged, time-dependent variable
775  (mol m?3), governed by a transient mass balance that accounts for pad release, exchange with the
776  external environment (ventilation losses, mol s*!), and interactions with the fruit (absorption and
777  chemical reactions, mol-s™!). In this sense, the present formulation provides a reduced-order
778  representation of SO, dynamics, while more detailed airflow and spatial distribution effects can
779  be addressed through a detailed and airflow and mass transfer coupled CFD-based analyses.

780  Overall, the introduction of a porous barrier reduces peak local concentrations near the top layer
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(mitigating bleaching risk) while maintaining a more sustained SO, availability for decay
suppression, consistent with observations reported by Lichter et al. 37
4.3.2 Efficient representation of intermediate barrier sheets

For carton- and pallet-scale simulations, explicitly resolving a thin, porous sheet may be

impractical. A pragmatic alternative is a flux modulation formulation:

J() = ]pad () * fshieta(t)

(Kaplunov et al’®) and fspieia(t) € (0,1]captures attenuation. For early-time diffusion

(14) where Jpqa(t)is the measured pad emission pattern

attenuation:

[ shie1a(t) = exp ( _D;) (15)This representation can be coupled

eshietat/?

with CFD or finite-volume transport models to predict spatio-temporal SO, gradients and evaluate
how barrier insertion alters peak exposure zones without requiring micro-scale meshing.

4.4 Airflow distribution, cooling rate, and thermal uniformity

Airflow and cooling rate modelling represent the most developed modelling domain in table
grapes. CFD simulations consistently show significant heterogeneity within pallets and
containers.®* Sidewall venting, vent alignment, and pallet arrangement strongly influence cooling
time and temperature gradients. Fedeli ef al.> used sensor-derived container data to identify
systematic hotspot formation in export shipments from South Africa.’ Hotspots were more
frequent in upper container regions and near container doors, highlighting the impact of airflow
distribution and operational practices. Such findings validate modelling predictions of spatial non-

uniformity.

Thermal property modelling also supports cooling system design. Akhijahani and Khodaei’!
quantified temperature-dependent specific heat and thermal conductivity of ‘Rasa’ grapes,

enabling improved parameterization of heat transfer models. Nevertheless, most airflow studies
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804 focus on cooling time reduction rather than explicitly linking temperature gradients to
805  physiological disorder risk or gas accumulation dynamics. The coupling between thermal

806  heterogeneity and respiration-driven atmosphere shifts remains underexplored.

807 4.5 Toward integrated digital twin approaches

808  Modelling efforts in fresh produce cold chains have traditionally evolved along disciplinary lines,
809  with structural mechanics, airflow simulation, gas diffusion, and quality kinetics often treated as
810  independent analytical problems. This compartmentalization is not unique to table grapes; rather,
811 it reflects the broader historical development of packaging and cold chain modelling, where
812  thermal analysis, mass transfer, and mechanical performance were addressed separately according
813  toavailable tools and expertise. However, the need for integration is arguably more critical in table
814  grape systems than in many other commodities. The coexistence of multilayer packaging (carton—

815  punnet-liner), deliberate atmospheric modification, and active SO, release creates tightly coupled

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

816  thermal and mass transfer processes that cannot be adequately understood in isolation.
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817  Structural finite element analyses have improved tray and carton durability, yet vent geometry
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818 influences not only mechanical integrity but also airflow pathways and convective heat transfer.
819  Similarly, computational fluid dynamics (CFD) studies have successfully characterized pallet-
820  scale airflow heterogeneity and cooling performance, but they rarely incorporate respiration-driven
821  gas accumulation or humidity dynamics within liner-constrained environments. Liner
822  investigations frequently focus on airflow impedance or perforation percentage without
823  embedding these parameters within respiration—diffusion balance frameworks that predict internal

824 Oz and CO; levels. Modelling of SO, distribution, although experimentally recognized as sensitive
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to ventilation resistance and temperature, is seldom coupled to spatial airflow fields or dynamic

gas exchange through perforated liners.

Table 3: Current modelling focus in table grape cold chains and key missing couplings

Modellin Typical Representative
domaing research Common tools Key outputs Missing couplings / limitations sources
focus
Vent design,
pallet Temperature
Airflow & airflow, maps, cooling Rarely linked to respiration-driven
Cooling  cooling time CFD rate gas shifts or SO, distribution 9,20, 43
Mechanical Vent geometry not jointly
Packaging stress, tray Stress/strain optimized with airflow & gas
Structure durability FEA fields exchange 41,6
Limited use of respiration—
Perforation CFD, diffusion mass balance; MAP
Plastic %, airflow  empirical Cooling time, windows not systematically
Liners impedance  testing weight loss applied 12,11,9, 20,43
Decay Experimental,
suppression, limited Rarely coupled with airflow field
bleaching diffusion SO, or liner-derived transfer
SO, Pads risk modelling concentration coefficients 27,1721
Thermal Specific heat, Regression Parameter Not integrated into full airflow—
Properties conductivity models estimation respiration models 18,19, 8
Temperature,
Sensor 0,/C0O,/SO, Real-time Often diagnostic only; limited
Systems  tracking IoT systems ~ monitoring predictive feedback integration 3,76,72,23

In table grape systems, these interactions are particularly consequential. Airflow determines the
temperature field, which in turn modulates respiration kinetics and thus internal gas composition.
Liner ventilation area governs both CO, accumulation and SO, retention, linking decay
suppression to bleaching risk. Temperature heterogeneity across pallet positions further amplifies
these couplings, as respiration increases non-linearly with temperature while effective mass
transfer coefficients may also shift. The presence of SO, pads adds an additional reactive species
whose concentration depends simultaneously on airflow intensity, liner resistance, absorption by
fruit tissue, and storage temperature. The result is a multiphysics system in which thermal,

diffusive, and biochemical processes interact across spatial scales.
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837  An integrated digital twin framework would explicitly connect temperature-dependent respiration
838  kinetics, convective airflow distribution, diffusive mass transfer through liners, SO, release and
839  absorption dynamics, and pallet-scale thermal variability within a unified predictive environment.
840  Such a model would simulate spatial distributions of O,, CO,, relative humidity, SO,
841  concentration, and temperature across cartons and pallet positions under realistic export
842  conditions. By assimilating real-time sensor data, the digital twin could continuously update
843  boundary conditions and identify deviations from safe atmospheric or thermal windows before

844  physiological disorders manifest.

845  For table grapes, where quality preservation depends on a narrow balance between decay control
846  and injury avoidance, integration is not merely an academic refinement but a practical necessity.
847  The combination of multilayer packaging, active fumigation, and extended maritime transport

848  amplifies the consequences of small modelling omissions. Moving from compartmentalized

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

849  simulations toward system-level digital twins would therefore shift cold chain management from

850  retrospective quality assessment to predictive design and proactive risk mitigation, supporting

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

851  more robust export performance under variable commercial conditions.

(cc)

852  The compartmentalized nature of current modelling efforts is summarized in Table 3, which
853  highlights that airflow, structural integrity, liner mass transfer, and SO, release are typically
854  investigated in isolation. Critical couplings-such as the interaction between airflow-induced
855  temperature gradients and respiration-driven gas accumulation, or between liner ventilation

856  resistance and SO, distribution kinetics, remain weakly integrated

857  The multiphysics interactions described above are synthesized conceptually in Figure 7, which

858  positions fruit physiology at the core of the modelling framework and illustrates how airflow,
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carton geometry, liner mass transfer, and SO, release dynamics are thermally and diffusively
coupled. The figure emphasizes that airflow-induced temperature gradients modify respiration
kinetics, liner geometry governs internal gas accumulation, and SO, distribution depends
simultaneously on ventilation resistance and temperature. The outer digital twin layer represents
the integration of sensor-derived data streams with mechanistic models, enabling dynamic
updating of internal atmosphere and quality risk predictions. Together, the framework underscores
the necessity of system-level integration for table grape cold chains, where multilayer packaging

and active SO, application amplify cross-domain interactions.
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Figure 7: Schematic of an integrated multi-physics modelling framework for SO,-based fungicide
management in table grape cold chains, comprising coupled sub-models for fruit physiology, CFD-based
airflow and heat transfer, liner mass transfer, SO, release and reaction kinetics, and carton geometry,
embedded within a real-time monitoring and digital twin architecture.

4.6 Real-time monitoring and model validation

The increasing deployment of sensor technologies in table grape supply chains has significantly
enhanced the capacity to monitor and document environmental conditions during storage and
transport. Temperature, relative humidity, and gas composition (O, CO,, SO,) are now routinely

measured in real time, enabling improved traceability, regulatory compliance, and postharvest
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decision-making. However, beyond compliance and diagnostics, sensor integration provides a
critical opportunity to validate and refine mechanistic cold-chain models under commercial

conditions.

Poeta et al.?®> demonstrated the application of advanced nanosensor technology in controlled
atmosphere (CA) storage of ‘Italia’ table grapes. Their study compared optimal CA conditions
(3% O / 10% CO,) with high-CO, stress (3% O, / 30% CO,) and ambient air storage, using an
S3+ electronic nose equipped with SnO,-based metal oxide semiconductor (MOS) sensors doped
with Pd/Au. Real-time volatile organic compound (VOC) monitoring was validated by SPME-
GC-MS analysis. The system effectively tracked spoilage-related markers such as ethanol and
freshness-associated volatiles including hexanal and anethole, demonstrating its potential for non-
destructive quality assessment. Importantly, the authors emphasized the integration of loT-enabled
sensor platforms into commercial cold chains to enable early detection of physiological stress and

quality degradation.

Complementing volatile monitoring, Wang et al.”?> developed a wireless multi-gas sensor system
(WGS?) capable of real-time measurement of SO, (0—150 ppm, £1 ppm accuracy), CO,, O,
temperature, and relative humidity during storage and transport.””> Their findings showed that
maintaining optimized SO, fumigation levels (1020 ppm) in combination with stable low
temperatures reduced quality losses to below 10%, compared with traditional losses of 25-30%.
Moreover, the system enabled more accurate shelf-life prediction based on continuous atmospheric

monitoring.

While these technologies significantly enhance detection capabilities, they do not inherently

provide mitigation unless coupled with predictive modelling frameworks. Real-time monitoring
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899  often remains reactive, identifying deviations after they occur rather than anticipating risk. The
900 incorporation of sensor data streams into an integrated modelling framework, as conceptualized in
901  Figure 7, would allow dynamic updating of boundary conditions and model parameters, enabling
902  predictive assessment of atmospheric drift, SO, accumulation, or temperature-induced respiration

903  shifts before physiological disorders develop.

904  In the context of export systems which are characterized by extended maritime transport, spatial
905 airflow heterogeneity, and multilayer packaging with active SO, release, the value of sensor-
906  assisted model validation is particularly high. Continuous data assimilation can improve parameter
907 estimation for respiration kinetics, effective mass transfer coefficients, and SO, distribution

908  models, thereby strengthening predictive accuracy under real-world variability.

909  Technological advancements spanning mathematical modelling, advanced packaging materials,

910 and IoT-based smart monitoring systems are collectively reshaping postharvest management

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

911  strategies for table grapes. However, the greatest impact will emerge from multidisciplinary

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

912  integration rather than isolated technological adoption. Future research should therefore prioritize

(cc)

913  scalable sensor—model coupling, cost-effective deployment strategies, and cross-cultivar
914  wvalidation under commercial export conditions. Such integration would support more resilient cold
915  chains, reduced quality claims, and enhanced export competitiveness. A broader overview of cold
916  chain logistics and packaging studies is provided in Table 4. These works span airflow modelling,
917  packaging design, shelf-life prediction, and smart monitoring, but are largely developed in
918 isolation. This fragmentation highlights the need for integrated frameworks, where sensor data can

919  support system-level model validation and coupling.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fb00142d

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

920

921
922

923
924
925
926
927
928
929
930

931

Sustainable Food Technology

Page 44 of 58
View Article Online
DOI: 10.1039/D6FB00142D

Table 4: Summary of key studies on cold chain logistics and packaging for table grapes
Study Focus Area Key Findings Limitations
7 Mathematical modelling  Model could predict mass loss during cold Needs real-world validation
in reefers chain transportation under diverse logistics
scenarios
69 Biodegradable Polysaccharide-based films retained grape Cost, SO, compatibility
packaging films quality need assessment
20 CFD modelling of Perforated liners + high humidity improved Needs validation across
airflow and moisture moisture retention; sidewall venting more cultivars
improved airflow
7 IoT-based cold chain Real-time detection of cold chain breaches Infrastructure-dependent
monitoring using sensors + GPS
5 Shelf-life modelling Temperature-based models predict grape Limited data on wider

74

71

43

Finite element modal

analysis on packaging
design

Thermal properties of
Rasa grapes

Cooling setpoints and

stacking positioning

shelf life

Identified packaging material with most
effective vibrational shock suppression,
proposed structural redesign

Specific heat and conductivity increased
with moisture and temperature

Box stacking had an impact on the airflow

pattern per stack

range of varieties
Needs broader commercial
trials

Focused on one cultivar

More varietal trials needed

5 Sustainability, energy efficiency, and environmental governance in
table grape cold chains

Cold chain systems for exported table grapes are multi-component and refrigeration-dependent

systems with electricity consumption for temperature maintenance, maritime transport fuel use,

packaging production, and product loss collectively determine greenhouse gas (GHG) emissions.

In long-distance export chains, refrigeration electricity consumption and transport fuel use

dominate lifecycle emissions, while packaging materials contribute through embodied carbon and

end-of-life impacts.”>-77 Sustainable optimization therefore requires a systems-based perspective

that integrates thermal performance, mass transfer behaviour, packaging material intensity, and

lifecycle emissions, rather than isolated substitution of materials or technologies.

5.1

Application of carbon foot printing in table grape cold chains
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932  Comprehensive carbon footprint analyses spanning the full table grape cold chain, from vineyard
933  production to international distribution, remain comparatively limited in the peer-reviewed
934 literature. However, a growing body of lifecycle assessment (LCA) and cold-chain carbon studies
935 in fresh fruit systems provides empirical grounding for the application of carbon accounting
936  methodologies to table grapes. Carbon foot printing in agri-food systems is typically conducted
937  under established frameworks such as ISO 14040/14044 (LCA methodology), ISO 14067 (product
938  carbon footprint), and the GHG Protocol (activity data X emission factor approach). These
939  standards decompose total emissions into contributions from electricity use, fuel consumption,
940  material production, and transport (GHG Protocol, 2011; ISO 14067, 2018). In refrigerated supply
941  chains, electricity demand for cooling and transport emissions are consistently identified as

942  dominant contributors.”¢ 77

943  Vineyard-level LCAs conducted in Mediterranean grape systems report production-stage carbon
944  intensities broadly in the range of 0.3 to 0.9 kg COye per kg grapes, with fertiliser production,
945  irrigation energy, and diesel use in field operations consistently identified as the principal emission
946  drivers.”® 7° Notably, table grape varieties tend toward the upper end of this range owing to their

947  more intensive agronomic inputs relative to wine grape systems.”® Postharvest and storage-focused

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

948  analyses further demonstrate the substantial contribution of refrigeration energy to the carbon

949  footprint of fresh fruit export chains. Du Plessis e al.7¢ assessed the energy and emission intensity

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

950  of eight refrigerated cold-store facilities handling fresh fruit for export in South Africa, finding

951  that electricity consumption was the overwhelming driver of facility-level emissions, with diesel

(cc)

952  accounting for less than 1% of total cold-store emissions. Each pallet stored requires
953  approximately 7.62 kWh of electricity per day, translating to 7.52 kg CO,e per pallet per day.
954  Although the study was not exclusive to table grapes, the same research group explicitly included
955  table grapes alongside oranges and apples in subsequent supply chain analyses, and the thermal
956  storage requirements and export handling systems across these commodities are directly
957  comparable.”® Distribution-stage assessments of exported fresh fruits show that maritime transport
958  emissions often range between 0.3 and 0.8 kg CO,e per kg product depending on route distance,
959  storage duration, and load efficiency (recent distribution-focused LCAs on fresh fruit export

960  chains).”’
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Importantly, most existing studies treat lifecycle stages independently and rarely integrate carbon
accounting with quality-loss modelling. Yet food loss significantly increases emissions per
kilogram of marketable product because upstream emissions are allocated over a reduced saleable
mass (Bhatia et al.”>). In perishable commodities such as table grapes, where decay, SO, injury, or
temperature abuse can lead to rejection rates exceeding 10% (postharvest loss citation), loss-
adjusted carbon intensity becomes a critical but underreported metric. Improvements in airflow
distribution, reduced cooling time, optimized liner permeability, and controlled SO, release,
traditionally evaluated in terms of decay suppression and quality preservation, also directly
influence refrigeration electricity demand and rejection rates. When emissions are expressed per
kilogram of marketable fruit delivered, such improvements translate into measurable reductions in

carbon intensity.

Although carbon modelling has been widely applied in fresh produce LCAs, its coupling with
thermo-physiological modelling, mass transfer simulation, and digital twin frameworks remains
largely unexplored. Embedding standard carbon accounting relationships within predictive cold
chain simulations would enable dynamic estimation of electricity consumption, transport
emissions, and loss-adjusted carbon intensity under variable commercial conditions. In this
context, carbon foot printing evolves from a retrospective reporting tool into a quantitative

decision-support layer within integrated cold chain optimization.

5.2 Sustainable packaging materials and functional trade-offs

Recent research has explored biodegradable and alternative packaging materials as strategies to
reduce packaging-related environmental burdens. Silva et al.?° developed a starch—glycerol-PBAT
biodegradable film incorporating sodium metabisulfite sachets for SO, release in ‘Benitaka’ table
grapes.®? The system effectively suppressed mould growth over 45 days at 1°C and preserved
rachis freshness, yet surface bleaching was observed. This outcome suggests that altered gas
permeability and SO, retention characteristics influenced the internal atmosphere and fumigation
dynamics. The study highlights that material substitution must be evaluated within respiration—

diffusion—reaction frameworks rather than solely through decay suppression metrics.

Similarly, Cheng et al® demonstrated that polyvinylidene chloride-coated white cardboard

enhanced mechanical strength and reduced weight loss by approximately 5%.8! While improved
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990  barrier performance may reduce moisture loss, high-barrier coatings can modify internal gas
991  exchange and humidity gradients. Without integration into predictive respiration—diffusion
992  models, enhanced barrier properties may inadvertently shift internal O,—CO, equilibrium outside

993  cultivar-specific safety windows.

994  Life cycle assessment evidence indicates that although bioplastics may offer end-of-life
995  advantages, their upstream production can remain energy-intensive.’ Therefore, packaging
996  sustainability must be assessed through functional performance and lifecycle trade-offs. A thicker
997  or higher-barrier material that prolongs cooling time may increase refrigeration electricity demand,

998  offsetting gains in embodied carbon reduction.

999 5.3 Logistics optimization and energy demand

1000  Transport duration and thermal exposure are major determinants of cumulative respiration,
1001  refrigeration load, and product loss.”® Al-based logistics optimization systems have demonstrated
1002  reductions in fuel consumption and improved load utilization.3? Shorter transit times reduce
1003 cumulative heat load and respiration-driven quality degradation, indirectly lowering both

1004  transport-related and refrigeration-related emissions. Spatial thermal heterogeneity within

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

1005  containers, as documented in modelling and sensor-based studies, increases local respiration rates

1006  and disorder risk. By optimizing airflow distribution and reducing hotspots, refrigeration energy

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

1007  per unit mass can be reduced.'® Thus, logistics optimization affects both transport-related

1008 emissions (CFtrqnsport) and refrigeration-related emissions (CF e ) through reductions in time—

(cc)

1009  temperature exposure.

1010  The incorporation of sustainability metrics into an integrated modelling frameworks enable
1011 dynamic carbon accounting under commercial variability. As illustrated in Figure 7, airflow
1012 modelling, liner mass transfer, and SO, release dynamics are centrally coupled through
1013 temperature-dependent respiration kinetics. Extending this framework to include energy
1014 consumption and emission factors allows real-time estimation of cumulative electricity demand,
1015  transport intensity, and predicted product loss. Under standard carbon accounting methodology,

1016  carbon intensity per functional unit is expressed as:
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CFtotal

Msaleable

CF intensity = (16)where CFipensity (kg CO2e kg') is the carbon intensity per unit of

marketable fruit, CF ., (kg COze) is the total lifecycle greenhouse gas emissions associated with
the system boundary considered, and mg.,,. (kg) represents the mass of marketable fruit
delivered (ISO 14067; food loss GHG methodologies). This formulation highlights the sensitivity
of carbon intensity to product loss, as upstream emissions are distributed over reduced saleable
mass. In table grape systems, reported production-stage carbon intensities typically range between
0.4 and 0.8 kg CO,e kg™, while cold storage and distribution contribute an additional 7.5 kg CO,e
per pallet per day and 0.3-0.8 kg CO.e kg™, respectively, depending on storage duration and
transport distance. Product loss therefore increases emissions per kilogram of saleable fruit, as
upstream cultivation, packaging, refrigeration, and transport emissions are allocated over a

reduced output mass.

To provide a quantitative interpretation of the impact of cold chain duration on environmental
performance, a first order estimate of carbon intensity (CFjyensity) Was developed based on reported
stage-wise emission factors for table grape export systems. Using a cradle-to-retail system
boundary consistent with Table 5 and bottom-up aggregation of cold storage, maritime transport,
and inland distribution contributions, total emissions were estimated at approximately 1.43—1.49
kg CO,e kg'! of product shipped. When expressed per unit of saleable fruit, this corresponds to a
carbon intensity of approximately 1.58—1.71 kg CO,e kg'! under postharvest loss scenarios of 8—
15%. These values are consistent with recent lifecycle assessments of table grape cold chains,
which report carbon intensities of 1.28 kg COze kg™ for shorter supply chains, increasing to
approximately 1.63 kg CO,e kg™ with an additional month of cold storage. This relationship can

be approximated by a linear model:

CFintensity(t) =128+ 0.0117¢

(17)

where t is storage duration in days. As shown in Figure 8, this implies that carbon intensity
increases by approximately 0.35 kg COe kg™ over a 30-day storage period, highlighting cold
chain duration as a first-order driver of emissions. Importantly, this increase is further amplified

by product loss, as emissions are attributed to the reduced mass of saleable fruit. As a result, the
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combined effect of extended storage (e.g., ~30 days) and moderate losses can elevate carbon

intensity to values approaching 1.6-1.7 kg CO,e kg™, effectively exceeding the mass of the

product itself on a carbon-equivalent basis. This illustrates the strong coupling between postharvest

quality management and environmental performance and reinforces the need for integrated

strategies that simultaneously optimize storage duration, packaging design, and loss mitigation.

Table 5: Parameters and values used for estimating carbon intensity of table grape supply chains (vineyard

to retail)
Parameter Value Basis
System boundary Vineyard — retail shelf (cradle- Consistent with LCA system

to-distribution)

Production stage

Farm-level emissions 0.51 kg COe kg™!
Packhouse emissions  0.15 kg CO,e kg™!
Production subtotal ~0.66 kg COze kg™
Distribution stage

Cold storage emission 7.52 kg COse pallet™ day™

factor
Storage duration 30 days
Pallet load ~1,080 kg

Storage emission (per
kg)

Maritime transport 0.52 kg CO,e kg™

0.209 kg COze kg™

Last-mile distribution 0.05-0.10 kg CO5e kg™
Distribution subtotal ~ ~0.77-0.83 kg CO,e kg™

Total (cradle-to-retail) ~1.43—-1.49 kg CO,e kg™

definitions’% 77

Reported LCA value’®
Postharvest handling emissions’®

Aggregated

Measured cold storage emissions’¢
Extended cold chain scenario’®
Typical commercial configuration

Derived

Derived to match transport
contribution’’

Consistent with LCA distribution
breakdown’’

Aggregated

Bottom-up integrated estimate
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Figure 8: Predicted carbon intensity (CFintensity) of table grapes as a function of cold storage duration
under export conditions. The relationship is approximated using a linear model derived from reported
lifecycle assessments, showing an increase of ~0.35 kg CO,e kg™ over 30 days of storage.

5.4 Policy and regulatory drivers

Environmental governance frameworks increasingly require quantifiable reductions in emissions
intensity and packaging waste. Standards such as GlobalG.A.P., GRASP, and the Sustainability
Initiative of South Africa (SIZA) incorporate environmental performance metrics, while the
European Green Deal and Farm to Fork Strategy mandate reductions in packaging waste and
lifecycle emissions for exported produce. These drivers shift sustainability from voluntary practice
to measurable performance. Integration of lifecycle assessment and carbon accounting within
predictive cold chain models enables exporters to quantify emissions intensity per kilogram of
delivered fruit under real operating conditions. In this context, the carbon intensity formulation
(Egn. 16), together with the parameterization in Table 5 and the storage—loss relationship
illustrated in Figure 8, provides a practical basis for linking operational decisions to environmental
performance. Integrated modelling framework architectures capable of estimating energy demand,
carbon intensity, and loss-adjusted output enable scenario-based evaluation and support evidence-

based environmental reporting.
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1072 Sustainability in table grape cold chains cannot be achieved through isolated improvements in
1073  packaging material or energy efficiency. Refrigeration load, packaging geometry, liner
1074  permeability, SO, fumigation dynamics, transport duration, and product loss are thermally and
1075  kinetically coupled processes. Embedding carbon accounting relationships, consistent with GHG
1076  Protocol and ISO methodologies, within the integrated modelling framework (Figure 7) transforms
1077  sustainability from a descriptive objective into a predictive, systems-level optimization problem.
1078 By linking respiration kinetics, airflow distribution, liner mass transfer, SO, release, and lifecycle
1079  carbon metrics, cold chain management can transition from reactive mitigation toward

1080  performance-based environmental optimization under commercial variability.

1081 6 Conclusion and Future Directions

1082  This review demonstrates that the postharvest performance of table grapes is governed by tightly
1083  coupled interactions between temperature, relative humidity, packaging architecture, and SO,-
1084  mediated decay control, rather than by any single factor. Evidence reviewed here shows that widely
1085  adopted uniform cold chain prescriptions fail to account for the heterogeneous microenvironments

1086  created within modern multi-layer packaging systems. As a result, fruit quality outcomes are often

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

1087  dictated by within-package and within-pallet variability rather than nominal storage set-points.

1088 A central insight emerging from this review is that trade-offs are unavoidable: conditions that

Open Access Article. Published on 19 June 2026. Downloaded on 6/19/2026 9:56:31 PM.

1089  minimize rachis dehydration (high RH, restricted ventilation) frequently exacerbate decay and

(cc)

1090  SO,-related injury, while strategies that enhance cooling and gas exchange can intensify moisture
1091 loss and quality heterogeneity. These competing responses are further modulated by cultivar-
1092  specific physiology and storage duration, underscoring the limitations of generalized handling

1093  protocols.

1094  Future progress depends on transitioning from empirical guidelines to mechanistically informed,
1095  configuration-specific control strategies. This requires (i) explicit integration of heat, mass, and
1096  gas transport processes with fruit physiological responses; (i1) quantification of spatial variability
1097  within commercial packaging systems; and (iii) alignment of SO, release dynamics and emerging

1098  technologies such as 1-MCP with the actual microclimates experienced by the fruit. In parallel,
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the adoption of sensor-enabled monitoring and predictive analytics offers a pathway toward real-

time optimization of cold chain performance.

Advancing the table grape industry will therefore depend on treating packaging and cold chain
operations as a coupled, multiphase system, where design and control are guided by quantitative
understanding rather than convention. Such a shift is essential to simultaneously achieve quality
preservation, regulatory compliance, and operational efficiency in increasingly demanding export

markets.
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