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Introduction
This book provides a comprehensive review of key advances in preservation 
techniques for fresh fruit and vegetables. It reviews the strengths and 
weaknesses of different disinfection techniques and focuses on advances in 
preservation techniques.

The first part of the book summarises developments and improvements 
in preservation technologies such as cooling, controlled atmosphere storage, 
modified atmosphere and active packaging and barrier coatings. The second 
part of the book focuses on postharvest safety management and disinfection. 
Chapters cover current research on mechanisms of pathogen contamination of 
fresh produce, improvements in sanitising regimes and disinfection techniques 
using heat, irradiation and plasma, ozone and natural microbials.

The final part of the book surveys advances in monitoring postharvest 
quality of fresh produce, the handling of organically produce specialty crops 
and smart distribution systems to maintain the quality of horticultural produce.

Part 1 Preservation techniques
Chapter 1 discusses advances in cooling technologies to preserve horticultural 
produce. Fruit and vegetables are living organisms that continue to respire after 
harvest, deteriorating over time, in a process known as senescence. Although 
it is impossible to halt senescence, removing the field-heat, and reducing the 
temperature of the product at the time of harvest, has substantial effects on 
maintaining product integrity. Cooling is the first ‘cool’ stage of the horticultural 
cool-chain, and is designed to rapidly and efficiently reduce the product 
temperature from the field temperature (often 20-30°C, depending on local 
conditions) to storage temperature (usually between 0-15°C, depending on the 
specific product. The chapter begins by discussing the main cooling methods 
applied to cool horticultural products, such as static cooling, forced-air cooling, 
hydro-cooling, vacuum cooling and icing. Many of these technologies are 
focused on managing and improving cooling outcomes and minimising costs. 
These factors are also discussed, along with a case study on the management 
of cooling operations for the kiwifruit industry in New Zealand.

The next chapter reviews advances in controlled atmosphere storage 
of horticultural produce, focusing on the advances of the last two decades. 
It emphasises the connection between technical/managerial aspects of the 
controlled atmosphere regime and retention of product quality during and 
after the storage period. Chapter 2 particularly focuses on: initial low O2 stress 
(ILOS); delayed CA storage; anti-ethylene compounds (e.g. 1-MCP); dynamic 
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controlled atmosphere (DCA) systems based on chlorophyll fluorescence (CF), 
ethanol detection and respiratory quotient (RQ) determination for identifying 
the lower oxygen limit (LOL); and strategies for reducing the electrical energy 
demands of the storage room. The chapter concludes with a reflection upon 
likely future advancements in controlled atmosphere storage science over the 
next 10-20 years, including: refining and broadening DCA system and 1-MCP 
application (singly and together), more metabolomic research to understand 
the biochemical and molecular effects of hypoxic stress, and new protocols for 
reducing storage room-related electricity consumption.

Chapter 3 focuses on advances in modified atmosphere and active 
packaging of horticultural produce. The science and technology of modified 
atmosphere packaging (MAP), continues to expand not only within the industry 
but also in terms of the technologies that are becoming available. MAP has 
transitioned from a standalone technology to a platform where unique science 
and technologies can be incorporated directly into the system to address a wide 
range of specific needs within the fresh produce industry. MAP is a platform 
technology that continues to expand its role in the extension and optimization 
of fresh produce quality by allowing management of factors such as ethylene, 
moisture and antimicrobial action. However, the amount of improperly 
designed commercial packaging highlights the need for knowledge about the 
fundamentals and importance of MAP. The chapter reviews the fundamentals 
of MAP design, and a substantive update on the advancements of converting 
and additive technologies is also provided.

The final chapter of Part 1 discusses the advances in the use of barrier 
coating and additives in the preservation of fresh horticultural produce. 
Chapter 4 reviews developments in edible coatings and surface treatments 
to preserve whole and fresh-cut fruits and vegetables. It also highlights the 
different purposes and properties of coatings and their applications in such 
areas as maintaining appearance, preventing water loss and decay as well as 
the use of semipermeable coatings to create an internal modified atmosphere 
to preserve produce quality. The chapter also discusses additives and their 
applications in such areas as prevention of browning, maintaining firmness and 
the use of antimicrobials to extend shelf-life. It concludes by looking at how 
coatings and additives can be combined synergistically to optimize the quality 
of fresh horticultural produce.

Part 2 Safety management and disinfection techniques
The second part of the book begins with a discussion of postharvest risk 
management of biological hazards encountered in horticultural produce. 
Fresh produce remains the main cause of foodborne illness outbreaks 
implicating a diverse range of enteric pathogens. The primary source of 
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pathogens is pre-harvest contamination, which then become disseminated 
during processing. Chapter 5 provides an overview of fresh produce related 
foodborne illness outbreaks and the characteristics of implicated pathogens. 
The chapter describes the routes by which pathogens can be introduced 
and distributed at different post-harvest stages, from the field through to 
food service. It introduces a range of risk management strategies based on 
antimicrobial coatings, antimicrobial gas treatments, irradiation, UV-C and 
those based on advanced oxidation process. The chapter explains application 
of Response Surface Modelling (RSM) to balance microbial reduction with 
changes in produce quality, providing a detailed case study. Finally, the chapter 
looks ahead to future research trends and provides guidance on further reading 
on the subject.

Chapter 6 reviews advances in understanding pathogens contaminating 
horticultural produce. There is an overall trend in most of the developed 
countries that confirms the rise in the number of microbial contamination 
outbreaks associated with fresh products. Major contributing factors are 
global consumer demand, increasing worldwide trade and the development 
of new molecular tools that allow the identification of the causative agents 
and the outbreak traceability. The chapter examines the surveillance, source 
attribution and microbial risk assessment of foodborne pathogens. It also 
identifies the main sources for pathogen contamination, including primary 
production, processing, distribution, and cold chain. The chapter deals with 
the routes of pathogens contaminating fresh fruits and vegetables (FFV), 
as well as the factors affecting the survival or inactivation of pathogens in 
horticultural products. Finally, the chapter looks ahead to future research 
trends in this area.

Moving on to Chapter 7, the chapter highlights advances in postharvest 
sanitising regimes for horticultural produce. Fresh and fresh cut fruits and 
vegetables are occasionally contaminated with foodborne pathogens, which 
has led to numerous recalls and outbreaks of foodborne illness, affecting 
consumer confidence. Leafy greens are more difficult to decontaminate from 
foodborne pathogens than other types of fresh produce, and the internalization 
of these pathogens into the tissue of fresh produce also impedes the efficacy 
of sanitizers. The chapter describes the use of sodium hypochlorite, peracetic 
acid, chlorine dioxide, electrolytic oxidizing water, acidified sodium chlorite 
and ozone as sanitizers of leafy greens. It describes their modes of action as 
well as their effectiveness and potential drawbacks in inactivating foodborne 
pathogens or native background microbiota.

The subject of Chapter 8 is advances in using heat for disinfection/
disinfestation of horticultural produce. Research into the development of pre-
storage heat treatments is continuing for both disinfection (postharvest decay) 
and disinfestation (insect control) outcomes. This is driven by loss in availability 
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or efficacy of postharvest fungicides, or treatments for insects such as methyl 
bromide. The chapter summarises the range of methods of heat treatments, 
current research, the mode-of-action based on the product, pest and pathogen 
responses, and information on commercial use of heat treatments. The main 
commercial uses are hot air treatments of tropical fruit for fruit fly control, and 
control of decay by hot water treatments for citrus, organic apples, and tropical 
crops. There is increasing use of short duration treatments (e.g. hot water 
brushing or dips) for decay control and a broad range of heat treatments for 
bulb crops have been commercialized in the Netherlands. Cost of treatment is 
a key limitation, and technical innovations would improve commercial uptake.

Chapter 9 reviews advances in the use of irradiation for the market access of 
fresh horticultural produce. Commercial and research interest in the irradiation 
of fresh fruit and vegetables as a market access treatment is growing. Irradiation 
has been approved for use in many markets as an approved phytosanitary/
quarantine treatment to allow international trade. The chapter focuses on the 
effects of irradiation on key aspects of citrus fruit quality (internal and external 
quality and vitamin C content). It also considers the safety of irradiated food, 
uses of irradiation in postharvest horticulture, and the current state of trade in 
irradiated horticultural produce. The chapter reviews the effects of irradiation 
on citrus fruit quality. Finally, the chapter looks ahead to future research trends 
in this area and suggests further reading on the subject.

Moving on to Chapter 10, the chapter discusses advances in the potential 
use of non-thermal plasma in postharvest treatment of fresh horticultural 
produce. Fresh horticultural produce related foodborne illnesses outbreaks 
have increased around the world, and despite the adoption of good on-farm 
and postharvest practices, microbial contamination of fresh produce can still 
occur. Non-thermal plasma (NTP) has recently emerged as an option for killing/
inactivating a broad range of microorganisms such as bacteria, moulds, yeasts 
and viruses. The reactive oxidizing species present in the NTP can inactivate 
and/or eliminate microbial pathogens on the produce surfaces leading to 
improved food safety and decay control. The chapter provides an overview of 
the NTP technology, its potential applications in postharvest horticulture and 
barriers to commercialization. The technology has great potential to be a rapid, 
chemical-free, dry, environmentally friendly, and effective antimicrobial solution 
for food safety and decay control. Adoption of this technology will minimize 
microbial contamination, mitigate postharvest losses and reduce the amount 
of postharvest chemicals and water used, resulting in improved environmental 
health and sustainability.

The next chapter examines advances in the use of ozone in the disinfection 
of horticultural produce. Fruit and vegetables are recognised for their health-
promoting properties, while at the same time being associated with numerous 
bacterial illnesses caused by foodborne pathogens. A sanitation step is 
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crucial to ensure that the produce is safe for consumption. Ozone has been 
identified as a feasible solution for the fresh produce industry, and this chapter 
reviews the most up to date in-formation on the practical use of ozone against 
microorganisms (bacteria and fungi), and its effect on the fresh produce 
characteristics. The chapter describes ideas for future studies on the post-
harvest use of ozone. Finally, the chapter directs those interested in the subject 
where to look for further information regarding ozone.

Chapter 12, the final chapter of Part 2, focuses on advances in the use of 
biological control agents in the disinfection of horticultural produce. The chapter 
discusses plant extracts and animal-based materials as postharvest treatments, 
the discovery of microbial agents with non-chemical postharvest treatments as 
well as the development and commercial application of postharvest biological 
control products.

Part 3 Monitoring and management
Chapter 13 discusses the monitoring of postharvest attributes, focusing 
primarily on instrumental techniques for measuring harvest maturity/fruit 
quality. The chapter begins by reviewing measurement technologies relevant 
to postharvest management, both in the context of technologies in current 
industry use and those with apparent promise for future use. The chapter also 
provides a brief description of these techniques in relation to their theory of 
operation, their limitations and potential alternative methodologies. The use 
of these measurements technologies is discussed in a wider context, with 
attention given to fruit and vegetable specifications, the point within the value 
chain at which the various measurements can be made, sampling and sorting 
statistics, communication options for remote logging, and labelling options. This 
information should be of practical use to those working in postharvest chains 
as well as to students and researchers involved in postharvest measurements.

The next chapter examines postharvest handling of organically produced 
specialty crops. Worldwide demand for organically produced specialty crops 
continues to increase. Both conventional and organic postharvest handling 
practices require a comprehensive approach from selection of plant material 
through production, harvest, storage, and marketing. Chapter 14 discusses 
the differences in organic and non-organic postharvest approaches. It 
provides a comparison of organic postharvest regulations worldwide as well 
as the different practices that are used. The chapter concludes with an overall 
summary of how postharvest handling of organically produced specialty crops 
needs to be improved as well as highlighting potential future research trends.

The final chapter of the book focuses on smart distribution to maintain 
shelf life of horticultural produce. Most fresh horticultural crops in developed 
countries that are harvested but not consumed (40 to 50%) are wasted because 
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the quality is inadequate for marketing or does not meet consumer quality 
requirements. Reducing quality deterioration can both extend shelf life and 
reduce waste of fresh horticultural crops in the food distribution system. 
Monitoring quality and environmental conditions during food distribution 
and using the collected data to predict the remaining shelf life of produce at 
any point in the cold chain enables use of smart distribution management. 
Monitoring environmental conditions in order to calculate shelf life can also 
help identify where the cold chain can be improved. Chapter 15 highlights how 
optimising management of produce distribution systems can reduce waste and 
loss and also extend shelf life by minimising quality deterioration. It focuses on 
the logistics and supply chain management of fresh horticultural produce, and 
also reviews shelf life modelling of fresh produce and remote sensing of food 
quality and the environmental factors that influence food quality.



Part 1
Preservation techniques
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1  Introduction
Fruit and vegetables are living organisms that continue to respire after harvest, 
deteriorating over time, in processes known as ripening and senescence. 
Although it is impossible to halt senescence, removing the field-heat and 
reducing the temperature of the product at the time of harvest has substantial 
effects on maintaining product integrity (Boyette et al., 1989).

A supply-chain that incorporates temperature control is often referred to as 
the ‘cool-chain’, and implies a supply chain that consists of a series of unbroken 
storage and transportation stages maintaining the same low temperature 
conditions (Hundy et al., 2008). Cooling is the first stage of the horticultural 
cool-chain, and is designed to rapidly and efficiently reduce the product 
temperature from the field temperature (often 20–30°C, depending on local 
conditions) to storage temperature (usually between 0°C and 15°C, depending 
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on the specific product; Fraser, 1998; Brosnan and Sun, 2001a; Pathare and 
Opara, 2014). In general there are five methods applied to cool horticultural 
products:

 • Static cooling;
 • Forced-air cooling;
 • Hydro-cooling;
 • Vacuum cooling; and
 • Icing.

Each of these cooling technologies will be discussed in this chapter. Choice of 
a suitable technology is a balance between:

 • desired speed of cooling;
 • availability of potable water and ability of the product to withstand contact 

with water (or ice);
 • homogeneity of cooling;
 • capital and operational cost – including cost of not cooling rapidly; and
 • consideration of the volume of product to be processed.

Many of the advances in cooling technologies are focussed on managing and 
improving cooling outcomes and minimising costs. Each of these factors will 
be discussed in this chapter, along with a case study on the management of 
cooling operations for the kiwifruit industry in New Zealand.

2  Cooling methods and choices
Pre-cooling is a dedicated unit operation designed to rapidly and efficiently 
reduce the temperature of freshly harvested produce to the storage 
temperature (Brosnan and Sun, 2001a; Thompson et al., 2008). Concentrating 
capital and operational expenses into this first stage of the cool chain enables 
portable refrigeration systems – such as shipping containers and trucks – to 
operate successfully, allowing their physical size and refrigeration capacity 
to be reduced (Tassou et al., 2009). Appropriate pre-cooling can also reduce 
the size of cool storage refrigeration capacity by one-quarter to one-third 
(ASHRAE, 2010). Small improvements in energy efficiency translate into large 
overall savings, as pre-cooling is an energy intensive stage of the cool-chain 
(James and James, 2010), representing approximately 40% of the entire cool-
chain energy usage (McCormick et al., 2010).

Pre-coolers are designed around the principle of heat transfer through 
contact between the warm product and a refrigerated fluid – typically air or 
water. The specifics of each different pre-cooler design is based on the needs 
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of the product being cooled, the tolerance to contact with water, and the 
capital and operating costs (Thompson et al., 2008). Few studies compare 
all the options for the same product, with Cortbaoui et  al. (2005) being an 
exception. Pre-cooler performance is reliant on the thermal properties of the 
chosen cooling fluid, and in particular on how it is distributed to effectively 
interact with the warm product. Therefore, advancements in pre-cooling 
technology have come from modelling and monitoring air and water velocity 
profiles and product temperatures, so that a preferable fluid distribution can be 
imposed. A large proportion of the research effort has focussed on improving 
air cooled systems due to their commercial popularity, large energy demand 
and comparatively slow cooling rates. Consequently, the focus has been on 
obtaining performance gains through both reducing cooling times and energy 
costs of operating air cooled systems often via improving air distribution 
through horticultural package design (Ferrua and Singh, 2009a; Ngcobo et al., 
2011; Defraeye et al., 2014, Berry et al., 2016; O’Sullivan et al., 2016; Han et al., 
2017).

All packaging materials and horticultural products can withstand contact 
with air, making air cooling systems the most common type. The simplest air 
cooler is a static cooler, also known as room cooling. In many ways, static cooling 
is identical to a standard cool storage operation: pallets and bins of product 
are placed into a refrigerated room, and fans circulate cold air throughout the 
space (Fig. 1a). Rooms used as static coolers may be required to have larger 
refrigeration capacity than normal cold storage rooms in order to achieve the 
initial reduction in temperature of the warm and rapidly respiring product. An 
additional engineering strategy is to have fans with a large range of speed 
control, so that a higher air velocity can be used during initial cooling, with 
lower speeds used once product has reached storage temperature (Yost, 1984; 

Figure 1  (a) Static or room cooler for horticultural produce. Fans circulate refrigerated 
air around the room, exchanging heat with pallets stacked inside; (b) A tunnel cooler, a 
common forced-air cooling set up. Pallets of horticultural produce are stacked into two 
rows and covered with a tarpaulin, where a fan is used to create a vacuum in the cavity to 
draw refrigerated air through the palletised produce.
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Koca and Hellickson, 1993; East et al., 2013; Ambaw et al., 2016; Gruyters et al., 
2018a). As there is little direct contact between the product and the refrigerated 
air, static cooling is the slowest method, with typical cooling times on the 
order of weeks (Sargent et al., 2007). Berry et al. (2013) showed that levels of 
cooling heterogeneity are high in static cooled produce, because fruit nearest 
to the pallet surface cools more rapidly than fruit in the centre of the pallet. 
Hoang et al. (2000) and Delele et al. (2009) used computational fluid dynamics 
(CFD) to determine airflow patterns inside cool storage rooms. Air leaves the 
evaporator fan along the ceiling and returns along the floor in the opposite 
direction, a pattern that favours pallets further away from the evaporator fan, to 
the detriment of pallets nearest to the evaporator.

A more advanced air cooler is forced-draft cooling, also known as forced-
air cooling. This operation uses a combination of fans and structures to create a 
pressure drop across a pallet or bin, forcing refrigerated air to flow through the 
packaging structure and directly over the warm product (Fig. 1b), promoting 
faster and more uniform cooling. The universality of air cooling systems coupled 
with the improved cooling time makes forced-air cooling a popular pre-cooling 
method in the horticulture industry. An additional advantage of applying this 
method is that it can be applied after packing and grading, meaning that the 
energy invested in cooling is only expended on product that is known to be 
of saleable quality. However, forced-air cooling requires considerably higher 
handling and electricity costs (in comparison to room cooling) that must 
be balanced against product quality losses associated with slower cooling 
(Thompson et al., 2008).

Direct interaction of higher airflow velocities with the product may result 
in greater water loss from the product, and a higher potential for shrivelling or 
wilt. Even though the rate of moisture transfer is higher than in static cooling, 
there is a considerable reduction in the time in which the difference in partial 
pressure of water inside the fruit and the environment is large (Talbot and 
Baird, 1991), so that the total amount of moisture transfer is less (O’Sullivan 
et al., 2016; Huang et al., 2017). Some products require additional protection 
from moisture loss either during cooling or in the remainder of the cool chain, 
resulting in many products often being packaged in a polyliner bag. In other 
cases, significant components of packaging are utilised for the purposes 
of preparation for consumer presentation and sale (e.g. berryfruit). In either 
case, these additional packaging components can have large influences on 
cooling performance (Ferrua and Singh, 2011; Delele et al., 2012; O’Sullivan 
et al., 2016; Ambaw et al., 2017). The pattern of refrigerated airflow through 
the pallet is determined by the design of the packaging – specifically the size, 
shape, placement and alignment of the ventilation (Berry et al., 2016; Defraeye 
et al., 2014). As a result, package design has a large impact on the performance 
of forced-air coolers (Fadiji et al., 2016; Berry et al., 2017; Fadiji et al., 2019). As 
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the most common and spatially complex cooling method, forced-draft cooling 
as a technique dominates the research landscape, with more details discussed 
later in this chapter.

Water cooled systems, also known as hydro-cooling, attentively utilise 
water as the cooling fluid, by either submerging or spraying the product 
(Bachmann and Earles, 2000; Sargent et al., 2007; Thompson et al., 2008). 
Water has favourable thermal properties compared with air (in terms of 
thermal conductivity and heat transfer coefficients), and as a result cools 
product at rates near to the theoretical maximal rate. Exposure to moisture 
can however stimulate decay development in many fresh produce and/or the 
water can become an effective medium for spreading infection, meaning that 
application of this method can be unsuitable for achieving optimal storage life 
for many products. Icing is also an alternative hydro-cooling option, for the few 
products that can withstand direct exposure to ice without resulting in freezing 
damage or inducing rot development (as also occurs with traditional hydro-
cooling), such as broccoli, sweet corn, carrots, brussel sprouts and cantaloupes 
(Vigneault and Goyette, 2001). Icing is achieved by directly pumping slush 
ice into the packaging system containing the product, which remains and 
drains from the product when it enters the supply chain. This method hence 
introduces other issues, including the need to use packaging that maintains 
mechanical strength when wet, the requirement to safely drain and discard 
the melt water, and significantly increasing the mass of the packaging system. 
Where hydro-cooling or icing is a suitable choice, these systems have seen little 
advancement, with innovations instead addressing issues tangential to cooling 
performance, such as appropriate sterilisation of recirculated water for water 
cooling (Vigneault et al., 2000) or using the water as a vector for other chemical 
treatments (Rivera et al., 2006) and the development of new packaging that 
can withstand submersion or ice (Vigneault and Goyette, 2001; Vigneault et al., 
2004).

The remaining cooling operation of note is vacuum cooling. This operation 
is distinct from the others as it does not rely on a cooling fluid, instead a vacuum 
cooler lowers the pressure surrounding the product to a pressure where the 
surface water evaporates, removing the latent heat required for the phase 
change from the product. This technique is less common for horticultural 
products but has potential to be rapid, homogeneous and cost effective – as 
such, advances in this area are explored in further detail later in this chapter.

Deciding which pre-cooling method to use is a balance of many different 
factors. Air coolers are suitable in almost all cases, with the static cooler being 
the most cost effective operationally, having low electricity and handling 
costs. However because of the extended cooling time, they can require a 
substantially larger capital and land requirement to house and cool the same 
volume of product (Boyette et al., 1990) and result in higher levels of fruit 
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loss due to senescence. Hydro-cooling and icing are very rapid in terms of 
cooling but can only be applied to products that can withstand contact with 
free moisture without inducing decay development. Vacuum cooling requires 
expensive specialist equipment, and introduces handling costs as a result of 
the batch processing nature of the operation. For some products, such as most 
leafy vegetables, cooling through this operation can be economically and 
operationally viable.

3  Advances in package design to influence cooling
Packaging is essential for the success of the horticultural supply chain, as it 
creates a physical barrier between the vulnerable product and the external 
environment, protecting it from mechanical injury. Packaging also facilitates the 
mass scale transport of product through palletisation. The design of packaging 
can impact the performance of postharvest cooling operations because it 
also acts as a physical barrier between the product and the cooling medium. 
For example, in forced-draft cooling, the nature of the package ventilation 
determines the airflow pattern inside of the pallet structure (Ferrua and Singh, 
2009b), and different airflow patterns result in different global and local rates 
of convective heat transfer (O’Sullivan et al., 2016). Since forced-air cooling is 
the most common horticultural pre-cooling process, a significant proportion of 
the research effort in recent years has focussed on how to optimise this process 
through package design.

The link between packaging and cooling performance has been studied 
experimentally as early as 1937 (Smith, 1937). Optimising the package design 
from a purely experimental approach has proven to be difficult, as the size and 
cost of manufacturing and testing many different package design iterations is 
prohibitive. This approach also does not allow a thorough analysis of the physical 
mechanisms, such as conduction, convection, evaporation and radiation, that 
combine to create a specific cooling rate. As a result, designing packaging 
through physical experimentation of potential designs becomes a ‘black box’ 
process, where the performance of a new design can be compared to previous 
iterations, yet understanding as to why one design is superior to another relies 
on theory and rules of thumb. One such key finding was the existence of a 
maximum vent size that enables efficient cooling. While increasing the total 
opening area (TOA) allows more refrigerated air into the system, this sacrifices 
the structural integrity of the box. However, de Castro et al. (2004) and Pathare 
et  al. (2012) showed that cooling benefits were approximately maximised 
between 7–14% TOA, depending on the product; though the mechanism 
behind this phenomenon was speculative.

Improvements in computational power has stimulated increasing use of 
mathematical modelling as a design tool. A large number of CFD and finite 
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element models (FEM) accurately predict global and local cooling rates (Fig. 2; 
Zou et al., 2006; Ferrua and Singh, 2009b; Delele et al., 2012, 2013; Han et al., 
2015; Berry et al., 2016; O’Sullivan et al., 2016); as well as predict package 
strength (Han and Park, 2007; Fadiji et al., 2016, 2018). Mathematical models 
have advantages over physical testing in that a validated model can test an 
endless number of design iterations in a digital environment, where material 
costs are free; and many different designs can be investigated simultaneously. 
Some of the most notable work in which this ability to assess many package 
designs is demonstrated in Delele et al. (2013), Berry et al. (2016) and Han et al. 
(2017).

Modelling provides insights into the physical mechanisms of forced-air 
cooling. Ferrua and Singh (2009b) and Delele et al. (2013) used conjugated 
CFD models to propose a mechanistic reason for the existence of a maximum 
vent size. Although a larger amount of air passes through the system at higher 
vent openings, a high percentage bypasses the product; and air that does not 

Figure 2 Example of a conjugated momentum and heat transfer mathematical model 
for forced-air cooling for apples in trays and packaging. (a) model geometry of apples 
and packaging; (b) finite element mesh of model geometry; (c) predicted airflow velocity 
streamlines; (d) predicted temperature profile at 0.5 h cooling. Model created using 
COMSOL Multiphysics.



 Advances in cooling technologies to preserve horticultural produce10

© Burleigh Dodds Science Publishing Limited, 2020. All rights reserved.

bypass is warmed as it exchanges heat with the fruit. Warmer air then interacts 
with fruit at the back of the box or pallet, resulting in a relatively reduced 
temperature gradient between the air and fruit (in comparison to the front of 
the pallet), resulting in no significant increase in rate of heat transfer (O’Sullivan 
et al., 2016). Redding et al. (2016) also demonstrated with a simple analysis that 
as air velocity (and hence heat transfer coefficient) increases, the Biot number 
becomes greater than 1, meaning that the major resistance to cooling becomes 
the conduction within the fruit rather than the removal of the heat from the 
surface of the fruit. As a result, increasing air velocity becomes a diminishing 
return.

Ferrua and Singh (2009c) also used modelling to demonstrate the 
importance of evaporation as a cooling mechanism. Even as little as 0.5% 
moisture loss contributed up to 27% of the total cooling for strawberries in 
clamshells, a phenomenon that is difficult to experimentally measure, as the 
quantities of mass transfer are small. Through CFD modelling of the forced-
air cooling process, Ferrua and Singh (2009a) and Defraeye et  al. (2013) 
demonstrated the importance of bypass airflow. Previously it was thought 
that bypass air should be minimised as much as possible, but it was shown 
that some level of bypass was an important mechanism for delivering fresh 
refrigerated air deeper into the packaging structure, promoting faster and 
more uniform cooling. Natural convection is commonly excluded from the 
modelling process as forced convection is much more significant, however 
O’Sullivan et al. (2016) showed numerically that it was a vital heat transport 
phenomenon in systems that encapsulate air (i.e. those with multiple 
packaging components).

While mathematical modelling has proven to be integral to the optimisation 
of packaging for horticultural cooling processes, a number of significant issues 
must be addressed for it to continue to be a successful design tool. Firstly, 
constructing models (e.g. Fig. 2a and b) is still a very time-consuming and 
arduous task. It is notable that the first authors of most recent publications are 
PhD students, suggesting that at least a year of time investment is required. 
Even once created, models are often case specific, so that results from a 
model of an apple box cannot be directly applied to a box of grapes, leading 
to the need for yet another model to be developed. Once a validated model 
has been developed, it can be time consuming to adapt the model to new 
solutions (designs), and can be time consuming with simulation times on the 
scale of days or weeks. This means the usefulness of mathematical models 
as an iterative design tool remain limited at this time. A focus on developing 
simplified models with a lower level of fidelity, but not below the threshold of 
providing useful results, is an alternative strategy. For example, Tanner et  al. 
(2002) and Olatunji et  al. (2016) created a generalised zonal model for pre-
cooling operations that provided rapid solutions; and Dehghannya et al. (2011) 
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used a simplified 2-D CFD model to demonstrate the impact of vent number 
and location on cooling uniformity.

The impact of radiative heat transfer is still unexplored because of the 
computational load, though some groups have shown it to be insignificant 
(Ferrua and Singh, 2009b; Delele et al., 2013; Defraeye et al., 2014). As 
computational power continues to increase, radiation should start to be 
included in conjugated heat and momentum transfer models.

4  Advances in assessing homogeneity
The performance or efficiency of different cooling operations are typically 
compared by reporting the average cooling rate, using metrics such as the 
half-cooling time (HCT) or seven-eighths cooling time (SECT; Brosnan and 
Sun, 2001a). While important, when reported in isolation it ignores other 
factors that impact efficacy, such as the cooling heterogeneity. Differences 
in cooling rates and hence temperatures between individual products can 
potentially perpetuate product variability in the batch. For example, products 
that cool much faster than the average cooling rate may have an increase risk 
to developing chilling injury (Zhao et al., 2014), while other products that cool 
slower than average may have a reduced shelf life or quality due to advanced 
senescence (Nunes et al., 1995; Jackson et al., 1999; Paniagua et al., 2013).

Development of new advanced methods for reporting heterogeneity have 
been aided in part by an increasing capability to measure a wide spatial sample 
of temperatures – thanks to an increase in the quality and reduction in price of 
temperature measurement equipment, and an increased use of mathematical 
models that can predict time-temperature data at very minute levels of detail.

There have recently been advances in how heterogeneity is reported and 
compared beyond the legacy method of using the relative standard deviation 
(Olatunji et al., 2017). ‘Defraeye’s method’ was introduced in Defraeye et  al. 
(2013). This method utilises CFD modelling outputs to calculate the effective 
convective heat transfer coefficient (CHTC) on the bulk surface of the product 
during forced-air cooling at time t = 0:

 h q
T T

c w

w ref
=

−
,  (1)

Where h is the CHTC (W·m-2·K-1), qc,w is the convective heat flux at the air-
fruit interface (J·s-1·m-2) at time t = 0, Tw is the initial fruit temperature (°C) and 
Tref the initial refrigerated air temperature (°C). Plotting a histogram of the 
predicted CHTC reveals the evenness (or otherwise) of the cooling process. 
Plotting multiple histograms of different package designs or airflow velocities 
and comparing the shape of the different distributions of the CHTC allows 
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conclusions to be drawn about the relative levels of cooling heterogeneity. 
Defraeye’s method is very detailed, with minute differences in the levels of 
heterogeneity appearing in the histograms of the CHTC between processes. As 
such, it is increasingly being used in the literature (Berry et al., 2016; Gruyters 
et al., 2018b).

Another new heterogeneity metric, the overall heterogeneity index (OHI) 
was proposed in Olatunji et  al. (2017). Using fruit time-temperature data, 
the OHI reports the variability of cooling rates throughout the entire cooling 
process as a dimensionless number. The OHI is calculated by considering 
the range of the fractional unaccomplished temperature change of each data 
location to the average:

 OHI Y dYdF Y= ∆ ∆( )∫ ∫
0

1

0 125

1

.

 (2)

Where ΔY is the fractional unaccomplished temperature difference and Y  is 
the average fractional unaccomplished temperature change. The OHI has a 
lower limit of 0 (perfect homogeneity) and no upper limit. Therefore, when 
reporting the OHI of two or more systems, the lowest value is a more uniform 
process and can be reported as superior in terms of cooling homogeneity. 
Fruit time-temperature data can be supplied from experimental cooling data 
or from a mathematical model. This method has been used by several groups 
(Mercier et al., 2017a,b; Han et al., 2017; Defraeye et al., 2017; Gruyters et al., 
2018b).

5  Fruit simulators
Measuring the performance of horticultural cooling operations are typically 
performed using real products, to create a close representation of the 
industrially relevant cooling process. It has been recently suggested that use 
of real horticultural produce as the thermal mass can limit the speed and 
quality of research outputs (Redding et al., 2016; Defraeye et al., 2017; Huang 
et al., 2017). Horticultural products are variable in size and shape (Moreda 
et al., 2012), and fruit of the same cultivar can have variable thermal properties 
(specific heat capacity, thermal conductivity and density) due to environmental 
factors during fruit growth (Alcobendas et al., 2013). The difference between 
two cooling operations could be a result of these physiological differences, 
rather than the intervention being studied by the researcher.

Horticultural products are also perishable. Therefore the time during which 
experiments can be performed is limited to a finite time window every season, 
therefore restricting researchers to performing only a few cooling experiments 
per year. Perishability also potentially impacts the cooling rate – fruit closer to 
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