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Foreword
This handbook has been edited and published as a contribution to world agriculture at
present as well as for the coming century. More than half of the world’s population is
engaged in agriculture to meet total world food demand. In developed countries, the
economic weight of agriculture has been decreasing. However, a global view indicates
that agriculture is still the largest industry and will remain so in the coming century.

Agriculture is one of the few industries that creates resources continuously from
nature in a sustainable way because it creates organic matter and its derivatives by
utilizing solar energy and other material cycles in nature. Continuity or sustainability
is the very basis for securing global prosperity over many generations—the common
objective of humankind.

Agricultural engineering has been applying scientific principles for the optimal con-
version of natural resources into agricultural land, machinery, structure, processes, and
systems for the benefit of man. Machinery, for example, multiplies the tiny power (about
0.07 kW) of a farmer into the 70 kW power of a tractor which makes possible the
production of food several hundred times more than what a farmen can produce manu-
ally. Processing technology reduces food loss and adds much more nutritional values to
agricultural products than they originally had.

The role of agricultural engineering is increasing with the dawning of a new century.
Agriculture will have to supply not only food, but also other materials such as bio-fuels,
organic feedstocks for secondary industries of destruction, and even medical ingredients.
Furthermore, new agricultural technology is also expected to helpreduceenvironmental
destruction.

This handbook is designed to cover the major fields of agricultural engineering such
as soil and water, machinery and its management, farm structures and processing agri-
cultural, as well as other emerging fields. Information on technology for rural planning
and farming systems, aquaculture, environmental technology for plant and animal pro-
duction, energy and biomass engineering is also incorporated in this handbook. These
emerging technologies will play more and more important roles in the future as both
traditional and new technologies are used to supply food for an increasing world popula-
tion and to manage decreasing fossil resources. Agricultural technologies are especially
important in developing regions of the world where the demand for food and feedstocks
will need boosting in parallel with the population growth and the rise of living standards.

It is not easy to cover all of the important topics in agricultural engineering in a
limited number of pages. We regretfully had to drop some topics during the planning
and editorial processes. There will be other requests from the readers in due course. We
would like to make a continuous effort to improve the contents of the handbook and, in
the near future, to issue the next edition.

This handbook will be useful to many agricultural engineers and students as well as
to those who are working in relevant fields. It is my sincere desire that this handbook will
be used worldwide to promote agricultural production and related industrial activities.

Osamu Kitani
Editor-in-Chief
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Preface
Agro-processing engineering has gained importance in the past decade. Increases in crop
production have not been matched by technical improvements in post-production prac-
tices. Double and triple cropping, and the development of higher-yielding hybrids have
led to significant production gains but the lack of post-harvest storage and processing fa-
cilities have resulted in greater post-production losses.Volume IV of the CIGR Handbook
of Agricultural Engineeringaddresses this problem by presenting detailed treatises on
the post-harvest technologies of agricultural products, ranging from the drying of grains
to the value-added processing of olives. The Volume is a reference text in which essential
agro-processing technology is assembled in an easily accessible form. It is intended to
fill a gap in the presently available AE literature.

TheHandbookwill benefit both practicing engineers who are searching for answers to
critical technical questions, and young students who are acquainting themselves with the
principles of post-harvest technology. And, it will be useful to manufacturers, technicians,
and (hopefully) farmers.

Volume IVis divided into five major sections. Part 1 covers the drying and storage
of grains; Part 2 contains the storage of root crops; Part 3 is devoted to the storage and
processing of fruits and vegetables; Part 4 includes the processing of grapes, olives and
coffee; and, Part 5 concludesVolume IVwith a description of the effluent treatment in
several agro-processing industries. Each sub-section has a separate list of references. This
plus an index should facilitate the search for specific information on Agro-processing
topics.

The authors constitute a multi-national blend of academic, government and industrial
experts. They were selected because of their long and broad experience in their fields of
expertise. Space limitation forced each author to be selective in his/her choice of topics
and depth of coverage; most emphasized the variouspractical engineering aspects of
their agro-processing subject. Some unevenness among the chapters was unavoidable
because of the different backgrounds of the authors, and the inequality of the technical
development among the agro-processing domains. Some agro-processing topics are not
covered in this Volume, e.g. wet-milling and dry-milling of maize, not because they are
inconsequential but because of space limitation and handbook-availability of the subject
elsewhere.

The Editors wish to thank Dr. A. A. Jongebreur (IMAG, Wageningen, the Netherlands)
for serving as the critical reviewer ofVolume IV.Thanks are also expressed to Donna
Hull and her staff (ASAE, St. Joseph, MI, USA) for their support in the final editing of
the manuscripts.

The Editor and Co-Editors ofVolume IV

xvii



1 Grains and Grain Quality

F. W. Bakker-Arkema, Editor

Grains are among the major commodities for feeding mankind. The cleaning, drying, and
storage of grains are postharvest operations required to maintain their product quality
[1]. They are the major subjects discussed in this section.

The termgrains is interpreted broadly and includes the cereal grains (maize, rice,
wheat, sorghum, barley, oats, millet), the oil seeds (soybeans, sunflower seed, canola),
and the pulses (edible beans). Although a grain species may require a particular posthar-
vest operation, the fundamentals of the cleaning, drying, and storage of grains are suf-
ficiently similar to warrant a general description of the various postharvest operations.
This procedure is followed in this chapter.

1.1 Grain Quality
F. W. Bakker-Arkema

Grain quality is an ill defined term because its meaning is interpreted differently by
various end-users. For the livestock producer, the nutritive value of grain is important. For
the cereal manufacturer, some physical grain property such as the breakage susceptibility
may be of significance. And to the seed producer, only the seed viability is of interest.

Regardless of the particular grain-quality criterion, the postharvest operations to which
a grain sample is subjected determine its value.

1.1.1 Quality Factors

The property of a lot of grain that determines its market value may be aphysical
property, such as the kernel damage or the bulk density, or anutritive value such as the
crude protein or aflatoxin content. The next subsections cover the main physical and
nutritive values of maize, rice, and wheat, principally.

Physical Properties

Moisture Content
The moisture content of grain can be expressed as a percentage on a wet basis (w.b.)

(Mwb) or a dry basis (d.b.) (Mdb):

Mwb = Ww

Wt
(100)

1



2 Grains and Grain Quality

Figure 1.1. Scale for moisture-content basis conversion.

Mdb = Ww

Wdm
(100),

whereWw is the weight of water in a sample,Wdm is the weight of dry matter, andWt

is the total weight.
The relationship betweenMwb andMdb is (see Fig. 1.1):

Mwb = Mdb

100+ Mdb
(100)

Mdb = Mwb

100− Mwb
(100).

Mwb is usually used in commerce,Mdb in engineering calculations.
The methods of determining the moisture content of grains are listed in Fig. 1.2.

Capacitance-type moisture meters are accurate over the range of moisture 12% to 30%
(w.b.), if properly calibrated, and are popular for use in commerce.

Bulk Density
Thebulk densityof a lot of grain is defined as the weight per unit volume of grain

kernels. It is expressed in grams per cubic centimeter or kilograms per cubic meter. In
the United States the termtest weightis used and is defined as the weight of 0.0352 m3

(i.e., 1 bushel) of grain.
The bulk density is determined by allowing grain to flow freely from a funnel into a

so-called Winshester kettle and weighing the contents.
As grain is dried, the bulk density increases due to the shrinkage of the individual grain

kernels. For maize and wheat the following empirical relationships have been established
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Figure 1.2. Classification of grain moisture-content (MC)
determination methods.

between test weight and moisture content [2]:

Maize:T Wm = 0.7019+ 0.01676Mwb − 0.0011598M2
wb + 0.00001824M3

wb

Wheat:T Ww = 0.7744− 0.00703Mwb + 0.001851M2
wb − 0.000014896M3

wb

+0.000003116M4
wb,

whereMwb is the moisture content andT W is the test weight (g/cm3).

Foreign or Fine Material
The foreign and fine material in a grain sample is defined as the particles passing

through a screen of specified design, plus the large pieces of extraneous matter. For
maize, a 4.76-mm round-hole sieve is used in the United States, for wheat a 1.98-mm
round-hole sieve, and for soybeans a 3.18-mm round-hole sieve.

The foreign and fine material in a grain sample usually is measured in a dockage tester,
which basically is a mechanical sieve shaker. The foreign and fine material content is
expressed in terms of the percentage in weight of the original sample.

Kernel Damage
Damaged grain kernels include broken kernels, heat-damaged kernels, discolored

kernels, or shrunken kernels. In grading a grain sample in the United States, the grader
distinguishes between heat damage from high-temperature drying and heat damage re-
sulting from mold activity. This latter type of kernel damage is counted under the category
of total damage and not of heat damage.

Under the U.S. grain standards, the total damage category includes also the sprouted,
germ-damaged, weather-damaged, molded, broken, and insect-damaged kernels.

The kernel-damage level of a grain sample is expressed as the percentage in weight
of the original sample.

In some countries a special category of broken kernels is included separately in the
grain standard. Usually the percentage of broken kernels is contained under total damage
or defective kernels.
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Stress Cracks
Stress cracks are small fissures in the internal endosperm of maize and rice kernels

and are caused by large moisture-content gradients (and the resulting compressive and
tensile stresses) within the kernels due to rapid moisture desorption or adsorption. Stress
cracking often does not occur until 24 hours after drying or moisture adsorption.

Excessive stress cracking results in a high percentage of maize kernels breaking
during handling operations, and in a low value of the head yield of rice after milling. The
percentage of stress-cracked kernels in lots of maize and rice is determined by candling
of 100 kernels over a 100- to 150-W light source.

Breakage Susceptibility
The breakage susceptibility of a grain sample is an indicator of the likelihood of the

kernels to break up during handling and transport. It can be considered as an indirect
measure of the number and size of the stress cracks in the kernels of a grain sam-
ple. The concept of breakage susceptibility is used for evaluating the quality of maize,
mainly by researchers in comparing different maize hybrids and various maize-drying
systems.

The breakage susceptibility is measured with a Stein Breakage Tester (model
CK-2M), the only commercially available unit (Stein Laboratories, Kansas City, Kansas,
U.S.A.). A 100-g maize sample at 14% to 15% moisture content (w.b.) is put in a steel
cylindrical cup in which an impeller is rotated at 1790 rpm for 2 minutes. Subsequently,
the sample is screened on a 4.76-mm round-hole sieve. The weight loss of the original
sample is expressed as a percentage and constitutes its breakage susceptibility.

Viability
The viability is defined as the ability of the seed to develop into a young plant un-

der favorable growing conditions and is expressed as a percentage. The viability of a
sample of grain is of interest principally if the grain is to be used for seed. (Viabil-
ity is too stringent a measure for the quality of grain.) Seed grain usually is marketed
with a minimum viability (e.g., seed maize in the United States has a viability of at
least 95%).

The viability of a grain sample can be determined by a wet-paper test (i.e., plac-
ing 100 seeds wrapped in wet paper for 7–10 days at 15–30◦C, and counting the ker-
nels that germinate properly), or by a tetrazoleum test (i.e., measuring the activity of
the enzyme dehydrogenase by the intensity of germ coloration as an index of seed
viability) [3].

Nutritive Properties

Nutritive Attributes
The nutritive value of grains is of importance to humans and animals alike. The

significant nutritive properties of grains are as follows [4]:

Ash
Crude fiber
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Crude protein
Ether extract
Feed analysis
Gross energy
Metabolizable energy
Nitrogen-free extract
Total digestible nutrients

Deleterious Substances
Grains are injurious as a food and feed if degraded by certain toxic fungal metabolites

and chemical residues.

Mycotoxins. Grains stored at excessively high moisture content and temperature will
mold. Over 100 mold species have been isolated from grains, and some produce toxins
under certain circumstances. Of particular concern areAspergillus flavusandAspergillus
parasiticus, both able to yield aflatoxin, a substance of extreme toxicity. Other mycotox-
ins occurring in some grains, often due to improper storage, are fumonisin, ochratoxin,
vomitoxin, and zearalenone. The reader is referred to Ref. [5] for recent information on
these grain toxins.

Aflatoxins are the major toxins occurring in grains. They develop principally from
mold growth in the field but can further evolve in storage. More than 10 forms of aflatoxins
have been identified, with aflatoxin B1 the most toxic. Aflatoxins have been found in
all grains but are of particular concern in maize grown and stored under semitropical
conditions (i.e., 27–30◦C and 85%–95% relative humidity).

Many countries have set limits on the maximum toxin level in commercially traded
grains. For maize in the United States the current (1998) limits for aflatoxin are [6]: 20
parts per billion for humans, immature cattle, and dairy cattle; 100 parts per billion for
breeding beef cattle, poultry and swine; 200 parts per billion for finishing swine; and 300
parts per billion for finishing beef cattle. The reader should consult local health authorities
on the limits for the various toxins found in grains in their country. The tolerance limits
in France for the major toxins in cereal grain for food and feed processing are given in
Table 1.1. A zero tolerance for grain toxins for export grain has been established in some
countries [6].

A variety of laboratory methods is employed to determine the presence of toxins in
grains, varying from the relatively simple qualitative tests (e.g., the backlight test) to
more complex quantitative test methods (e.g., the thin-layer chromatography test). The
reader is encouraged to contact a local grain-testing agency if it is suspected that a lot of
grain contains dangerous toxins.

Chemical Residues.In some countries, there is a market demand for crops grown with-
out application of any chemicals, in particular fertilizers, herbicides, and insecticides.
Customers of such “organic” products demand production practices during the produc-
tion year, and for the 2 preceding years, that do not include the use of any chemi-
cals; and postharvest production practices that do not encompass the employment of
insecticides.
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Table 1.1. Tolerance limits for the major
mycotoxins in cereal grain for food and feed

processing in France in 1996

Mycotoxin Limit

Aflatoxin B1 5 ppb in cereal grain
1 ppb in grain for food
0.5 ppb in edible oil

Zearalenone 20 ppb in corn for food
1 ppb in corn oil
300 ppb in pig feed
500 ppb for other animal feed

Ochratoxin A 30 ppb in cereal grain
Fumonisin 5 ppb in food and feed for all

species

Source: [7].

Verifying the nonuse of chemicals during the production and postharvest operations
of a food or feed product requires testing at a specially equipped laboratory and thus is
an expensive procedure.

Milling and Processing Properties
Grains are used as feed for animals, as food for humans, and as feedstock for industrial

processes. As a feed, the nutritive properties have to be healthy. As a food or feedstock,
the milling and processing qualities of grains have to be acceptable. The desired attributes
differ greatly for the various grains, as is shown in Table 1.2. Note that these attributes
arein addition tothe factors contained in the grade standard (see Section 1.1.2) for each
grain.

1.1.2 Grade Standards

Grade standards are used in the trade of grain; they facilitate the marketing of grains.
Unfortunately, the grade standards of the various grain species are not universal but

Table 1.2. Grain-quality attributes of importance for the milling,
processing, or human consumption of different grains

Maize Rice Soybeans Wheat

Hardness Milling quality Splits Hardness
Kernel weight Cooking quality Kernel weight Kernel weight
Fat acidity Kernel color Protein content Gluten content
Soluble protein Eating quality Oil content Fat acidity
Turbidity Free fatty acids Flour yield
Sedimentation Iodine number Semolina yield
Amylose Phosphatides Ash content

Oxidation value Dough quality

Sources: [1, 8].
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Table 1.3. U.S. grade requirements for yellow corn (maize)

Maximum Limits (%)

Damaged Kernels

Heat-Damaged Broken Corn and
Minimum Test

Weight per Bushel
(lb) Kernels Total Foreign Material

U.S. no. 1 56.0 0.1 3.0 2.0
U.S. no. 2 54.0 0.2 5.0 3.0
U.S. no. 3 52.0 0.5 7.0 4.0
U.S. no. 4 49.0 1.0 10.0 5.0
U.S. no. 5 46.0 3.0 15.0 7.0
U.S. sample gradea

Source: [1].
a U.S. sample-grade is corn that does not meet the requirements for U.S. grade nos. 1, 2,

3, 4, or 5; contains eight or more stones that have an aggregate weight in excess of 0.20%
of the sample weight, or two or more pieces of glass; has a musty, sour, or commercially
objectionable foreign odor; or is heating or otherwise of distinctly low quality.

Table 1.4. Maximum allowable percentages of grade
factors for dent maize in Argentina

No. 1 No. 2 No. 3 No. 4

Damaged kernels 3.0 5.0 8.0 12.0
Broken kernels 2.0 3.0 5.0 5.0
Foreign material 1.0 1.5 2.0 2.0

Source: [9].

Table 1.5. Maximum allowable percentages of grade
factors for yellow maize in South Africa

No. 1 No. 2 No. 3

Defective maize kernels 3.0 5.0 8.0
Other-colored maize kernels 2.0 3.0 5.0
Foreign matter 1.0 1.5 2.0
Sum of the above three defects 9.0 20.0 30.0
Pink corn 12.0 12.0 12.0

Source: [9].

may vary significantly between countries. This is illustrated for maize in Tables 1.3
through 1.5 for the United States, Argentina, and South Africa, respectively. Only the
U.S. standard contains a factor for test weight; only South Africa includes a category of
pink maize.

It is noteworthy that the grade standard for maize does not contain a factor for moisture
content in either of the three countries. However, in the trade the maximum average
moisture content of a lot usually is specified.
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It should be noted that the physical grain-quality factors of stress cracks and breakage
susceptibility are not part of the grade standards for maize in any of the three countries,
notwithstanding their importance to grain marketers.

The U.S. grain-grading standards are offered here as an example of the present (1998)
set of standards employed for the marketing of four major grains (i.e., maize, rough rice,
soybeans, wheat) in one country. The reader should check with the official marketing
agency in a particular country for its latest grain-grading standards. Note that in the U.S.
standards the test weight is quoted on a bushel (0.03524-m3) basis in terms of pounds
(0.4536 kg).

The factors included in the U.S. grades and grade requirements for maize (corn) are
(see Table 1.3) test weight, heat-damaged kernels, total damaged kernels, and broken
kernels and foreign material. There are five grades for maize, plus a sample grade.

The factors included in the U.S. grades and grade requirements for rough rice are (see
Table 1.6) heat-damaged kernels, heat-damaged and objectionable kernels, the sum of
these first two, red rice kernels, chalky kernels, and other seeds. The requirement for the
maximum limit of chalky kernels differs for long-grain and medium- or short-grain rice.
There are six grades for rough rice, plus a sample grade.

The factors included in the U.S. grades and grade requirements for soybeans are (see
Table 1.7) test weight, heat-damaged kernels, total damaged kernels, foreign material,
splits, and off-color kernels. There are four grades for soybeans, plus a sample grade.

The factors included in the U.S. grades and grade requirements for all classes of
wheat are (see Table 1.8) test weight, heat-damaged kernels, total damaged kernels,
foreign material, shrunken and broken kernels, defected kernels, and wheat of other
classes. Only the test-weight requirement varies among the various classes of wheat.
There are five grades for wheats, plus a sample grade.

For the U.S. grades and grade requirements for barley, oats, sorghum and sunflower
seeds, the reader is referred to Ref. [10].

Table 1.7. U.S. grade requirements for soybeans

Maximum Limits (%)

Damaged KernelsMinimum Test
Weight per
Bushel (lb) Heat-damaged Total

Foreign
Material Splits

Soybeans
of Other
Colors

U.S. no. 1 56.0 0.2 2.0 1.0 10.0 1.0
U.S. no. 2 54.0 0.5 3.0 2.0 20.0 2.0
U.S. no. 3 52.0 1.0 5.0 3.0 30.0 5.0
U.S. no. 4 49.0 3.0 8.0 5.0 40.0 10.0
U.S. sample gradea

Source: [1].
a U.S. sample grade is soybeans that do not meet the requirements for U.S. grade nos. 1, 2, 3, or

4; contain eight or more stones that have an aggregate weight in excess of 0.2% of the sample
weight, or two or more pieces of glass; have a musty, sour, or commercially objectionable foreign
odor (except garlic odor); or are heating or otherwise of distinctly low quality.
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1.2 Grain Handling
J. S. Labiak and R. E. Hines

Grain-handling equipment is available for any situation under which grain must be
transported from one location to another. The four types most commonly used for com-
mercial and farm applications are belt, screw, bucket, and pneumatic conveyors. Grain-
flow rate, distance, incline, available space, environment, and economics influence con-
veyor design and operating parameters.

The objective of this section is to provide an overview of conveyor designs and
operating characteristics. Power requirement and capacity calculations are different for
each conveyor type and often are based on empirical data. It is suggested to use model-
specific, manufacturer-provided information for these calculations, or the procedures
referenced in this section if manufacturer information is unavailable. Design of conveyors
is covered in detail in the agricultural-engineering literature [1, 2] and in the chemical-
engineering literature [3, 4].

The physical characteristics of the material to be handled must be known before the
appropriate conveying system can be selected. In particular, the following properties are
relevant for agricultural products: moisture content, average weight per unit volume,
angle of repose, and particle size. The physical characteristics of grains and related
agricultural products are shown in Table 1.9.

In order to use general conveyor-design procedures, the material to be handled first
should be classified. The U.S. Conveyor Equipment Manufacturers Association distin-
guishes among four classes of solids handled by materials-handling systems [8]. Grains
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Table 1.9. Characteristics of agricultural products

Bulk Moisture Content
Density Range for Handling Angle of
(kg/m3) (% w.b.) Repose (degrees) Source

Barley 618 7.9–23.1 29.0–33.8 [5, 6]
Maize 721 7.5–23.1 34.0–43.5 [6, 7]
Oats 412 10.6–17.3 11.3–33.0 [7]
Sorghum 721 6.8–22.1 11.3–23.7 [6]
Soybeans 722 7.1–12.2 11.9–28.8 [7]
Wheat 772 7.3–19.3 29.6–41.0 [6]

are relatively lightweight, free-flowing, noncorrosive, and nonabrasive and are defined
as class I products. Class II solids are moderately free-flowing and are mixed with small
lumps and fines; alfalfa meal and maize grits fall into this class. Class III materials are
similar in size and flowability to class II solids but are more abrasive and include cement.
Class IV products are abrasive and flow poorly; the class includes coal and dry sand.

1.2.1 Belt Conveyors

Design
The simplest belt conveyor consists of an endless flat or troughed belt wrapped around

two rotating drums. Bulk materials are transported horizontally on the surface of the belt
or can be inclined or declined within product-specific limits. Support for the belt is
provided by a head (drive) and a tail pulley, and by a series of idler rollers. The belt-
conveyor structure supports the entire system and maintains belt alignment. A typical
belt-conveyor design is shown in Fig. 1.3, the cross-section is illustrated in Fig. 1.4

Types Used for Grain
Belt conveyors can be designed to satisfy almost any transport situation require-

ment. Modifications of the basic troughed design are available for different applications,
depending on the required dust control, available space, transport length and height,
conveying rate, number of discharge points, and product characteristics [1, 9].

Figure 1.3. Troughed-belt conveyor [8].
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Figure 1.4. Cross-section of troughed-belt conveyor [8].

Appropriateness for Grain
Belt conveyors are used in commercial operations but generally not on farms, unless

a specialty crop warrants the extra costs. Belt conveyors cause less product damage than
other types of conveyors. Elevation is limited and depends on the product being conveyed
but is generally less than 15 degrees. Long-distance conveying is easily accomplished.

Operating Characteristics
The angle between the idler rolls and the horizontal is called thetroughing angle.

The range for conveying grains is 20 to 45 degrees. The capacity and power requirement
depend on the grain mass and cross-sectional area of the belt, and on the conveyor length,
incline, and belt speed [10, 11]. In calculating the cross-sectional area of grain on the
belt, the triangular area defined by the grain angle of repose is neglected. This prevents
spillage as grain is conveyed. The maximum belt speed to prevent airborne particles is
3.5 m/s for maize-kernel shaped grains, 2.8 m/s for soybeans, and 2.5 m/s for light grain
derivatives [1]. Dust, noise, and spillage are minimized by limiting the belt speed to
2.5 m/s. Typical operating parameters for troughed belt conveyors transporting shelled
maize are shown in Table 1.10.

Table 1.10. Typical operating characteristics of troughed-belt
conveyors for maize

Belt Width Belt Speed Power Requirement Capacity
(cm) (m/h) (kW/m) (kg/h)

46 210 0.74 3700
60 210 0.97 6300
76 210 1.2 10100
91 210 1.5 14500

Adapted from [3].
Note: Data for horizontal conveying, roller angle= 35 degrees,

center belt width = one third of the total belt width,
moisture content = 16% w.b.
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Figure 1.5. Screw conveyor [12].

1.2.2 Screw Conveyors

Design
A screw conveyor, or auger, consists of a circular or U-shaped tube in which a helix

rotates, as shown in Fig. 1.5. Grain is pushed along the bottom of the tube by the helix;
thus the tube does not fill completely. Important parameters of the auger—the diameter,
pitch, and exposed intake length—are indicated on the figure.

Types Used for Grain
Both U-shaped and circular screw conveyors are used for grains. If the angle of

elevation increases beyond 15 degrees, augers with circular cross-section should be
used.

Appropriateness for Grain
Screw conveyors are used extensively on both farms and grain depots. Advantages

of this type of conveyor include portability, low cost, low maintenance, and low dust
emission. They are not practical for high capacity or long transport distances due to high
power requirements. Typical models available commercially have diameters from 10.2
to 30.5 cm, with rated capacities from about 10 to 300 m3/h, and maximum length of
25 m [13].

Typical uses for screw conveyors include conveying grain from storage bins and trans-
port vehicles, mixing grain in storage, and moving grain in a bin to a central unloading
point. Augers are also a good choice when the flowrate is monitored.

Operating Characteristics
Auger capacity and power requirements depend on the diameter, pitch, speed (rpm),

exposed intake length, incline, and grain properties. Empirical methods for estimating
capacity and power normally are used [12–14]. Performance data usually are guaranteed
by the manufacturer. Typical screw-conveyor capacity and power-requirement data are
given in Table 1.11.
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Figure 1.6. Bucket Elevator [12, 14].

Theoretical studies of screw conveyor performance with grains are rare; the best
mathematical model appears to be Ref. [15].

Augers are the conveyor type most likely to cause significant grain damage. To min-
imize the damage, the speed should be kept below the recommended limit, the auger
should be operated at full capacity, and the auger should have a clearance between the
flighting and casing of either greater or smaller than the diameter of the grain kernels.

1.2.3 Bucket Elevators

Design
A bucket elevator is essentially a modified belt conveyor. Buckets are attached to an

endless belt and convey the product vertically (Fig. 1.6).
The components include the head section at the grain outlet (top), the boot section at

the grain inlet (bottom), the supporting frame, a device to maintain correct belt tension,
and the grain distributor. The enclosed section of the belt between the head and boot is
called the leg; the up-leg and down-leg sections often are physically separated within
individual enclosures.

Types Used for Grain
Two bucket-elevator designs exist: the centrifugal-discharge and the continuous-

bucket types. Grain is removed at the head section by centrifugal action in the centrifugal-
discharge design, and by gravity in the continuous-bucket design. Centrifugal-discharge
bucket elevators are used almost exclusively in grain-handling operations. Bucket
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elevators sometimes employ chains instead of belts as the conveying mechanism, but the
chain design is not used for grains because a chain cannot operate at the speed required
for centrifugal discharge. The elevator intake may be on the up-leg or down-leg side, but
the up-leg side is recommended for high-capacity grain transport.

Appropriateness for Grain
Bucket elevators are an effective grain conveying system and typically are located

at the central point of a grain-handling system. Once grain is emptied from transport
vehicles, it usually is elevated by a bucket elevator and distributed to a system component
(e.g., storage or a drying system). Animal feed, meal, and wet and dry grain can be
conveyed with bucket elevators at lower power requirements than with other conveying
systems. Grain damage is less than damage caused by augers; it decreases at slower belt
speeds and full-bucket operation [16]. The initial cost of bucket elevators is greater than
that of other conveying systems, but increased efficiency and convenience often justify
the cost.

Operating Characteristics
The capacity of bucket elevators is a function of the product density, belt speed,

bucket size, and bucket spacing. The power requirement depends on the capacity and
product-elevating height, as shown in Table 1.12.

When sizing a bucket elevator, the size of the dump pit and the desired grain-unloading
capacity should be considered [12]. An important operating parameter of centrifugal-
discharge bucket elevators is the belt speed. The discharge features are determined by
the belt speed, product characteristics, and the elevator-component size [10]. The belt
speed should be above 80 m/h to achieve the desired discharge characteristics.

1.2.4 Pneumatic Conveyors

Design
A pneumatic conveying system introduces grain into a moving airstream, which

carries the grain to a single location or multiple locations. The main components include
the blower, the transport tubing, and the device to introduce the grain into the tubing at

Table 1.12. Typical bucket elevator data for maize

Capacity Belt Speed Bucket Size Bucket Spacing Power
(m3/h) (m/min) (cm) (cm) (kW/m)

35 101 22.9× 12.7 30.5 0.098
53 115 22.9× 12.7 22.9 0.147
70 101 22.9× 12.7 15.2 0.196
88 129 22.9× 12.7 15.2 0.245
106 151 22.9× 12.7 15.2 0.294
141 151 22.9× 15.2 16.5 0.392

Source: [17].
Note: Data for 25.4-cm belt width; power requirements based on over-

all efficiency of 80% of shaft power.
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Figure 1.7. Positive-pressure pneumatic conveying system (adapted from [12]).

Figure 1.8. Negative-pressure pneumatic conveying system [12].

the grain source and out of the tubing at the grain destination. Two pneumatic conveyor
types, positive-pressure and negative-pressure, are shown in Figs. 1.7 and 1.8.

Types Used for Grain
The main pneumatic conveyor designs are the positive-pressure design, the negative-

pressure design, and the positive/negative combination design. Negative-pressure sys-
tems are used for conveying materials from multiple sources to a single destination.
Positive-pressure systems are employed for conveying materials from a single source
to multiple destinations. Pneumatic conveying systems employing both positive- and
negative-pressure sections are used for conveying from multiple sources by vacuum to
multiple destinations by positive pressure.
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Table 1.13. Typical pneumatic-conveyor
characteristics

Pipe Capacity
Diameter (cm) (m3/h) Power (kW)

7.6 14.1 7.6
10.2 24.7 11.5
12.7 42.3 15.3–22.9
15.2 70.5 30.6–38.2

Source: [14].

A low-capacity on-farm design typically is powered by an electric motor. High-
capacity designs are powered by internal combustion engines, such as the power takeoff
on a tractor.

Appropriateness for Grain
The primary advantage of a pneumatic conveying system is the flexibility of the

conveying path. Storage bins not reachable by other conveyor types can be readily loaded
or unloaded with a pneumatic conveyor. However, the power requirements of pneumatic
conveyors are high relative to other conveyor types.

Low-capacity requirements with odd conveying paths are appropriate for pneumatic
systems. Automated control systems can be implemented easily on pneumatic conveyors.

Operating Characteristics
The capacity of pneumatic conveyors depends on the grain type, tube length, num-

ber of turns, and elevation [18]. The power requirements are approximately 0.6 to
0.7 kw·h/m3 material, compared with 0.1 to 0.2 kw·h/m3 for bucket elevators [14].
Typical power requirements and capacity data are shown in Table 1.13.

A sharp change in tube direction should be avoided because it increases grain damage
and prematurely wears out the tube. Grain damage is minimized by keeping the air
velocity below 25 m/s and the air-to-grain volume ratio at manufacturer’s specifications.
Fines in the grain cause plugging of the filter or choking of the blower in negative-pressure
systems, especially with sunflower seeds [14]. The blower in a pneumatic conveyor must
be started before grain enters the system and turned off after all lines are empty. Removal
of “dead” material from the lines usually requires disassembly of the tube section.

Detailed design and operating information for pneumatic conveyors can be found in
Ref. [18].
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1.3 Grain Drying
Qiang Liu, C. W. Cao, and F. W. Bakker-Arkema

1.3.1 Fundamentals

Grain drying is a process of simultaneous heat and moisture transfer. To adequately
understand the operation of drying, the reader has to be acquainted with the basics of
psychrometrics, equilibrium moisture content, airflow, and drying rate. These are the
topics briefly reviewed in this subsection.

Psychrometrics
Air is the medium in which grain is dried. The major physical properties of air that

affect the drying rate of grains are the relative humidity or humidity ratio, the dry-bulb
temperature, the specific volume, and the enthalpy.
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The relative humidity(RH) of air is the ratio of the vapor pressure of the water
molecules in the air to the saturated vapor pressure at the same temperature. The relative
humidity usually is expressed as a percentage. A second term expressing the moisture
content of the air is thehumidity ratio(W), the mass of water vapor per unit mass of dry
air (kg/kg).

The dry-bulb temperature(T) of air is the temperature measured with an ordinary
thermometer. If the termtemperatureis used without a prefix, dry-bulb temperature is
implied. Another temperature commonly used in grain drying is the wet-bulb temperature
(it is measured by covering the bulb of a thermometer with a wet wick). Knowledge of the
dry-bulb and wet-bulb temperatures allows rapid determination of the relative humidity
of the air on a psychrometric chart (see Fig. 1.9). The temperatures of air are expressed
in degrees Centigrade (◦C).

The specific volume(v) of moist air is the volume per unit mass of dry air and is
expressed in cubic meters per kilogram of dry air. The power required by the fan on a
drying system is affected by the specific volume of the drying air.

Theenthalpy(h) of moist air is the energy content per unit mass of dry air above a
certain reference temperature (usually 0◦C). It is denoted in kilojoules per kilogram of
dry air. Determination of the burner size in a dryer requires knowledge of the enthalpy
values of the air before and after heating.

Equations and computer packages have been developed for the calculation of the
psychrometric properties of air [1]. Before the evolution of computer technology, the so-
called psychrometric charts for moist air were developed to facilitate the determination
of the psychrometric properties. Figures 1.9 and 1.10 show psychrometric charts in the
1 to 50◦C and 10 to 120◦C temperature ranges, respectively.

The horizontal axis on the psychrometric chart represents the dry-bulb temperature;
the humidity ratio serves as the vertical axis. The curved lines on the chart represent
constant relative humidity values. Figure 1.11 illustrates how the various psychrometric
values of moist air can be determined once two properties (e.g., dry-bulb temperature
and RH) are known.

The process of grain drying is represented on a skeletal psychrometric chart in
Fig. 1.12. As the air passes through the heater, its dry-bulb temperature and enthalpy
increase. The relative humidity and humidity ratio of the air increase as it passes through
the grain, while the dry-bulb temperature decreases and the enthalpy remains almost
constant.

Equilibrium Moisture Content
Theequilibrium moisture content(EMC) of a grain species is the moisture content to

which the grain will dry after it has been exposed to the drying air for an infinite period
of time. The EMC of a grain sample is a function of the air temperature and RH, and of
the grain species and (to some degree) of the sample history. Table 1.14 gives the EMC
values of some grains at 25◦C.

Plotting the EMC values of a grain species at a specific temperature versus the RH
of the surrounding air results in a sigmoid curve. This is illustrated for three grains in
Fig. 1.13.
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Figure 1.9. ASHRAE psychrometric chart in 0–50◦C temperature range and at a barometric pressure of
101.325 kPa. (Copyright 1993 by the American Society of Heating, Refrigerating and Air-Condition

Engineers, Inc.; reprinted with permission.)
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Figure 1.10. ASHRAE psychrometric chart in 10–120◦C temperature range and at a barometric pressure
of 101.325 kPa. (Copyright 1993 by the American Society of Heating, Refrigerating and Air-Condition

Engineers, Inc.; reprinted with permission.)
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Table 1.14. Equilibrium moisture content of selected grains at 25◦C
(percentage wet basis)

20% Relative 40% Relative 60% Relative
Humidity Humidity Humidity

Maize 7.1 10.0 12.4
Rough rice 6.5 9.4 12.2
Soybeans 5.3 6.9 9.7
Wheat (hard red) 7.2 9.9 12.1

Source: [2].

Figure 1.11. Illustration of the use of the psychrometric chart.

Figure 1.12. Representation on the
psychrometric chart of the process of

adiabatic drying.
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Figure 1.13. Equilibrium moisture-content curves of
hard wheat, maize, and soybeans at 16.7◦C. (Source: [1]).

The relationship between the EMC and the air conditions can be represented by the
following empirical EMC equation:

Meq = a− b ln[−(T + c) ln RH], (1.1)

wherea, b, andc are product constants,T is the temperature (◦C), RH is the relative
humidity (decimal), andMeq is the equilibrium moisture constant (decimal dry basis).
Table 1.15 contains the product constants in Eq. (1.1) for selected grains.

Airflow
As grain kernels lose moisture during the drying process, the evaporated water is

carried by a flow of air from the grain bed in the form of water vapor. To properly
design and operate a grain-drying system, the principles of air movement must be under-
stood, especially as it relates to static pressure, fan characteristics, and system operating
condition.

Table 1.15. Product constants for the
equilibrium moisture content equation

(Eq. [1.1]) of selected grains

a b c

Maize 0.339 0.059 30.205
Rough rice 0.294 0.046 35.703
Soybeans 0.416 0.072 100.288
Wheat (hard red) 0.356 0.057 50.998

Source: [2].
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Static Pressure
Thestatic pressureof a grain drying system is mainly the resistance to the flow of air

though the grain. The static pressure (1P) is expressed in Pascals per meter thickness
of grain and can be calculated for a particular grain species by

1P = aQ2

ln(1+ bQ)
, (1.2)

wherea and b are product constants, andQ is the airflow rate in cubic meters per
second per square meter of grain-layer area. Values for the product constantsa andb are
tabulated for selected grains in Table 1.16. The relationship between1P andQ is shown
in graphical form for grains in Fig. 1.14. In a well-designed grain-drying system, over
90% of the resistance to the airflow occurs in the grain, and less than 10% in the airducts,

Table 1.16. Product constants for the static
pressure equation (Eq. [1.2]) of selected grains

a b

Maize 2.07× 104 30.4
Rough rice 2.57× 104 13.2
Soybeans 1.02× 104 16.0
Wheat (hard red) 2.70× 104 8.8

Source: [1].

Figure 1.14. Airflow resistance of grains. (Source: [1]).
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Figure 1.15. Typical axial-flow drying fan.

perforated floors, and grain-column screens [1]. Thesystem curveof a grain-drying
system is a plot of the total static pressure of the system versus the airflow rate.

Fans
The movement of air in a grain-drying system is caused by the operation of one or

more fans. The two major fan types are the axial-flow type and the backward-curved
centrifugal type.

In an axial-flow fan the air moves parallel to the fan axis and at a right angle to the
field of rotation of the blades. An axial-flow fan is illustrated in Fig. 1.15.

In a centrifugal fan the air enters the housing parallel to the axis and is discharged
perpendicular to the direction in which it enters the fan. A backward-curved centrifugal
fan is shown in Fig. 1.16.

The characteristics of a fan can be expressed in a tabular form (see Table 1.17), by
a fan curve (see Fig. 1.17), or by a fan equation (see Eq. [1.3]). A typical empirical fan
equation that relates the airflow rate (Q) to the static pressure (1P) is:

Q = a+ b1P + c1P2, (1.3)

wherea, b, andc are fan-specific constants [1].

Table 1.17. Performance of three commercial
backward-curved centrifugal fans (in cubic

meters per minute)

Fan Fower 250-Pa 750-Pa 1250-Pa
Rating (kw) Pressure Pressure Pressure

7.5 359 314 266
11.2 475 423 368
15.0 543 505 453

Source: Shivers, Inc.
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Figure 1.16. Typical centrifugal drying fan.

Figure 1.17. Operating conditions for an in-bin
wheat-drying system and a maize-drying system.

Axial-flow fans usually deliver higher airflow rates than centrifugal fans of equal
power at static pressures below 1000 Pa. If a grain system operates at static pressures
above 1200 Pa, a centrifugal fan delivers the higher airflow rate. An axial-flow fan is
noisier but less expensive than an equivalent centrifugal fan.

System Operating Condition
If the system curve and the fan curve of a grain-drying system are plotted on the same

graph, theoperating conditionof the fan/drying system is located at the intersection of
the two curves. This is illustrated in Fig. 1.17 for an in-bin system in which both maize
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Figure 1.18. Performance of identical fans in
parallel.

and wheat are dried. The axial-fan output for maize is 283 m3/min, but for wheat it is
only 170 m3/min because of the larger static pressure of wheat.

On large grain silos, two fans frequently are placed in parallel in order to increase
the airflow rate. (Only identical fans should be chosen for parallel installation.) The
performance of a parallel-airflow system is shown in Fig. 1.18; the airflow characteristics
of the system are found by adding the flowrate of the fans at a particular static pressure.

Drying Rate
The drying rate of grain in a grain-drying system depends on the drying rate of the

individual grain kernels. In general, small kernels lose moisture more readily than large
kernels, and naked seeds dry faster than covered seeds. This is illustrated in Fig. 1.19,
in which the drying curves of maize, rice, and wheat at 49◦C are drawn. Maize contains
the largest kernels and dries the slowest; rice and wheat seeds are of comparable size but
rice kernels are covered and therefore dry slower than wheat kernels.

Grain kernels dry at a falling rate. This is shown in Fig. 1.20, in which the drying
and the drying-rate curves are drawn for a typical grain species. In Table 1.18 data are
tabulated for the relative drying rates of several grains. As the kernels increase in size,
and decrease in moisture content, the drying rate decreases.

Typical equations for the drying rate of the major grains follow.

Maize [4]

M R = exp(−ktn)

k = 2.216× 10−2+ 1.113× 10−4T + 3.435× 10−6T2 (1.4)

n = 0.5409+ 1.498× 10−3T + 2.561× 10−6T2
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Table 1.18. Relative drying rates of selected grains

22% w.b. Moisture 18% w.b. Moisture 14% w.b. Moisture
Content Content Content

Peas 95 35 15
Maize 135 50 15
Wheat 210 100a 35
Canola — 1150 500

Source: [3].
a The drying rate of wheat at 18% moisture content is selected as 100.

Figure 1.19. Comparison of drying rates of dent maize,
medium rice, and soft wheat at 49◦C.

Figure 1.20. Grain drying during
falling-rate period.
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If the effect of initial moisture content is considered, then the equations become:

k = 1.091× 10−2+ 2.767× 10−6T2+ 7.286× 10−6TMo

n = 0.5375+ 1.141× 10−5M2
o + 5.183× 10−5T2

where

t = time (min)
T = air temperature, 27–116◦C

RH = relative humidity, 5%–40%
Mo = initial moisture content, 23% to 36% d.b.
V = airflow, 0.1–0.5 m3/s/m2

Medium-grain Rice [5]

MR= exp(−ktn)

k = 0.01579+ 1.746× 10−4T + 0.01413RH (1.5)

n = 0.6545+ 2.425× 10−3T + 0.07867RH

where

t = time (min)
T = air temperature, 30–55◦C

RH = relative humidity, 25%–95%

Soybeans [6]

MR= exp(−ktn)

k = 0.0333+ 0.0003T (1.6)

n = 0.3744+ 0.00916T RH

where

t = time (min)
T = air temperature, 32–49◦C

RH = relative humidity, 34% to 65%

Wheat [7]

MR= exp(−kt)

k = 2000 exp(−5049/(T + 273))
(1.7)

where

t = time (s)
T = air temperature, 66–131◦C

The drying-rate equations for other grains can be found in Ref. [8].
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Drying Models
Drying models have been developed for each of the major dryer designs described in

Sections 1.3.3 and 1.3.4. The models are based on the laws of heat and moisture transfer.
The following is the in-bin grain drying model [1]:

∂T

∂x
= −ha

Ga(ca + cvW)
(T − θ ) (1.8a)

∂θ

∂t
= ha

ρp(cp + cwM)
(T − θ )− h f g + cv(T − θ )

ρp(cp + cwM)
Ga
∂W

∂x
(1.8b)

∂W

∂x
= − ρp

Ga

∂M

∂t
(1.8c)

∂M

∂t
= a thin-layer drying equation (1.8d)

Simultaneous solution of the four differential equations provides information on the
grain moisture content (M) and temperature (θ ), the air temperature (T), and the humidity
ratio (W) as functions of bin location (x) and time (t). Note that the airflow rate (Ga)
and the kernel properties (cp, ρp, h f g) each influence the changing moisture content
distribution of the grain in the bin with time.

Simulation models for other grain-dryer designs can be found in [1].

1.3.2 Sun Drying

In many tropical and sub-tropical regions,sun dryingremains the preferred method
of grain drying, mostly for economic reasons. Traditional sun drying has changed little
over the centuries. The grain is spread on mats or paved ground in layers of 5- to 15-cm
thickness and is exposed to the ambient conditions. The grain is stirred intermittently,
usually is covered at night, and dries adequately in 2 to 4 days.

The fixed costs of sun drying are low (except if a special drying floor has to be con-
structed). However, sun drying is an unreliable process because it is weather-dependent.
Also, the solar radiation changes with the season and the time of day, and the flux density
is low.

Notwithstanding its disadvantages, it is possible to produce dried grain of superior
quality if sun drying is practiced competently. Of particular importance are the proper
selection of the maximum layer thickness and the initial moisture content of the grain,
and the recognition that during certain periods of the year (i.e., the wet season) adequate
sun drying of grain is not feasible.

Notwithstanding the widespread use of the sun drying of grains in the developing
world, few controlled scientific experiments have been conducted. Therefore, no general
recommendations valid for every region can be made for the sun drying of grains.

Physics of Sun Drying
The sun drying of grain is affected by the solar radiation, the ambient air temperature,

the ambient relative humidity, the wind velocity, the soil temperature, the grain-layer
thickness, and the grain type. Simulation of the process [9] has resulted in a better
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Figure 1.21. Average moisture content during sun drying of
rice at different initial moisture contents.

Figure 1.22. Rice-grain moisture content during sun
drying with grain-bed depths of 5, 8, 10, and 15 cm.

understanding of sun drying, in particular of the effects of initial moisture content,
layer thickness, and season on the drying process (see Figs. 1.21–1.23). The specific
information in the three figures pertains to Jakarta (Indonesia), but the trends are valid
for other locations.

1.3.3 In-store Drying

In-store (i.e., in-bin) grain drying commonly is practiced on the farm and usually em-
ploys ambient air or slightly heated air as the drying medium. The major in-store drying
methods are illustrated in Fig. 1.24 [1]. The objective of in-store drying is to decrease the
moisture content of the grain at a rate that will prevent product deterioration. Both the
minimum drying rate and the maximum final moisture content are locality-dependent;
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Figure 1.23. Moisture content of rice during sun
drying in July and March.

that is, in hot and humid regions the drying rate of wet grain has to be higher, and the
final moisture content lower, than in cold and dry areas.

Ambient/Low-temperature Drying
Drying a bin of grain with ambient air is possible if the initial moisture content of

the grain is not excessive, the average daily relative humidity of the ambient air is not
too high, and the airflow rate is sufficient. The recommended maximum initial moisture
contents of maize and wheat, and the minimum airflow rates, for ambient-air drying
under midwestern U.S. conditions are listed in Table 1.19. In the tropics, the initial
moistures are lower and the required airflow rates are higher. The reader should obtain
the exact values for a locality from the regional extension service.

In ambient-airlayer drying, a bin is filled in stages; a wet layer is added only after the
lower grain layers have been partially dried. Instir drying, one or more vertical stirring
augers slowly move the dried grain from the bottom of the bin to the top, and the top
grain layers to the bottom of the bin. Layer drying and stir drying require lower airflow
rates and permit higher initial moisture contents than ambient-air drying.

In periods of zero drying potential during rain or high humidity, the relative humid-
ity of the air can be decreased to the desired level (i.e., 60%–70%) by increasing the

Table 1.19. Characteristics of
ambient air drying of several grains

in the midwestern United States

Moisture Airflow
(% w.b.) (m3/m3·min)

Maize 20 2.4
Wheat 18 1.6
Wheat 16 0.8

Source: [1].
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Figure 1.24. On-farm in-bin and non-bin grain-drying systems [1].

air temperature by 2 to 3◦C. This process of in-bin drying frequently is calledlow-
temperature drying. The airflow rate and maximum initial moisture content of the grain
are similar for ambient and low-temperature drying. Stirrers are frequently employed in
an in-store/low-temperature drying system.

A basic in-bin ambient-air/low-temperature grain dryer is shown in Fig. 1.25.

High-temperature Drying
A number of the in-store drying processes illustrated in Fig. 1.24 can be classified

as high-temperature systems. The simplest design is the bin-batch dryer. A relatively
shallow (1–1.5 m ) layer of wet grain is dried at a temperature of 45 to 65◦C and an
airflow rate of 5 to 10 m3/(m3·min) in 8 to 12 hours depending on the initial moisture
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Figure 1.25. In-bin grain-drying system.

content. A major disadvantage of a bin-batch system is the overdrying of the bottom
grain layers. Cooling of the grain requires 1 to 2 hours.

In the roof bin-batch dryer, the drying floor is elevated in the bin; the grain depth
is limited to 0.5 m. The wet grain is partially dried at a relatively high temperature
(60–80◦C) and airflow rate (10–15 m3/(m3·min) before being dumped to the bottom of
the bin, where the final drying and cooling of the grain occurs. The roof bin-batch system
is a versatile system employed mainly for maize.

The in-bin counterflow drying process can operate as a grain-recirculating system, or
as a continuous-flow system. Grain is continuously or intermittently loaded into a drying
bin and is intermittently removed in thin layers by a tapered auger located at the bottom
of the bin. The partially dried, hot grain is either recirculated to the top of the bin or
moved to a second bin for slow in-bin final drying and cooling. The automatic nature
of the process and the capability to produce high-quality grain at fairly high capacities
have contributed to its commercial success. The airflow rate, bed depth, and drying-
air temperature in in-bin counterflow dryers are similar to those in bin-batch systems;
however, the in-bin counterflow systems produce dried grain of fairly uniform moisture
gradient while bin-batch dryers do not.

Combination drying is a process in which high-temperature in-store or high-capacity
drying is followed by low-temperature, low-capacity in-bin drying and cooling (see
Fig. 1.24). Combination drying mainly is used for maize and rice; it is also called, a
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combination of the terms drying and aeration. In a combination-drying system, wet
grain is dried from 22% to 28% moisture in a high-temperature dryer to an intermediate
moisture content of 18% to 20% and then moved hot to an in-bin dryer. After tempering
for 6 to 8 hours, it is slowly final-dried and cooled with ambient air. The main advan-
tages of combination drying are the increased drying capacity and the improved energy
efficiency and grain quality.

In-bin Dryer Controls
It may be economically advantageous to operate the fan on an ambient-air/low-

temperature drying system, and on a silo-aeration system, intermittently because of
favorable or nonfavorable weather conditions. The hardware of the two controller types
is similar, but their software differs.

In-bin control systems usually measure the temperature and relative humidity of the
ambient air and the temperature of the grain. Some controllers also measure the relative
humidity of the air in the interstices of the grain mass. The proper location of sensors in
the bin is critical. Control actions are based on the maximum temperature and equilibrium
relative humidity of the grain, and thus the sensors should be located where these values
are likely to occur, namely in the center of the bin under the loading spout. Multiple
sensors increase the chance of detecting a hot spot; the choice of the number of sensors
is an economic compromise.

Modern in-bin controllers are equipped with microprocessors that allow the user to
change the strategy of the control action. Following is a list of a number of performance
criteria for in-store drying (and aeration) [10, 11].

Minimize fan operation (h)
Minimize overdrying (%, w.b.)
Minimize moisture content range (%, w.b.)
Minimize time to finish drying (h)
Minimize average dry matter loss (%)
Minimize cost of overdrying ($/tonne)
Minimize cost of energy usage (kwh/tonne)
Minimize net cost ($/tonne)

It is clear that all eight of the criteria cannot be minimized simultaneously. Thus, the
manager of a grain depot has to decide which performance criterion should be minimized
before a microprocessor is programmed.

1.3.4 High-capacity Drying

High-temperature dryers are employed for the drying of grains if high drying capac-
ities are required. These dryers are unable to produce grains of the same high quality
as low-temperature in-bin drying systems. However, in many cases a slight decrease in
grain quality is acceptable to the end-user of the grain.

The three major high-temperature dryer types are cross-flow dryers, mixed-flow dry-
ers, and concurrent-flow or counterflow dryers. A schematic of each type is illustrated
in Fig. 1.26, and the moisture content and temperature distribution of the grain in each is
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Figure 1.26. Schematics of the four major types of
high-temperature grain dryers: cross-flow, counterflow,

concurrent-flow, and mixed-flow.

shown in Fig. 1.27. The air and grain move inperpendiculardirections in crossflow dry-
ers, in thesamedirection in concurrent-flow dryers, inoppositedirection in counterflow
coolers, and in acombinationof cross-flow, concurrent-flow, and counterflow directions
in mixed-flow dryers. In theory, the variation in moisture content and temperature, and
thus in grain quality, in a sample of dried grain is substantial in cross-flow dryers, less
in mixed-flow dryers, and almost nonexistent in concurrent-flow or counterflow dryers.
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Figure 1.27. Moisture and temperature changes during
cross-flow drying (a), concurrent-flow drying (b), counterflow

drying (c), and mixed-flow drying (d).

High-temperature dryers contain a cooling section in which the hot grain after moving
through the drying section is reduced in temperature to within 3 to 5◦C of the ambient
temperature. Grain remains in the cooling section of a dryer about half as long as in the
drying section.

Cross-flow Dryers
Figure 1.28 illustrates a cross-flow grain dryer. The wet grain flows by gravity from a

wet holding bin through screened grain columns surrounding the plenum. A heater-fan
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Figure 1.28. Conventional cross-flow dryer with
forced-air drying and cooling.

assembly is located within the drying section of the heated air plenum and forces the hot
air through the grain to the ambient in a direction perpendicular to the flow of the grain.
In the cooling section of the dryer, ambient air is drawn by cross-flow through the grain
into the heater-fan assembly.

Table 1.20 contains the specifications of a typical commercial cross-flow maize dryer.

Mixed-flow Dryers
Figure 1.29 is a schematic of a mixed-flow grain dryer. The wet grain flows from a

garner bin over alternate horizontal rows of hot inlet-air ducts and cold outlet-air ducts.
The spacing between the airducts determines the grain-layer depth through which the air
is forced. Air from the inlet-air ducts flows upwards and downwards to the surrounding
outlet-air ducts, in a combination of cross-flow, concurrent-flow, and counterflow with
respect to the grain. The bottom series of inlet-air and outlet-air ducts in a mixed-flow
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Table 1.20. Specifications of a typical commercial cross-flow maize dryer

Characteristic Specification

Airflow, heat section 79 m3 min−1 ton−1

18.6 m3 m−2 min−1

Airflow, cooling section 147 m3 min−1 ton−1

33.8 m3 m−2 min−1
Static pressure, heat section 0.37 kPa
Static pressure, cooling section 0.37 kPa
Column cross-sectional area 6.5 m2

Column width 0.3 m
Grainflow at 5 point moisture removal 26.8 m·h−1

Recommended drying temperature 82.2◦C
Rated capacity at 15%–20% moisture content 127 ton·h−1

Retention time at rated capacity 1 h
Burner capacity 57.2 × 106 kJ·h−1

Source: [1].

Figure 1.29. A mixed-flow grain dryer. (Source: Cimbria Unigrain, Ltd.)
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Table 1.21. Specifications of a typical commercial
mixed-flow wheat-and-barley dryer

Characteristic Specification

Overall height 12.74 m
Number of standard modules 8
Cross-sectional area 5.44 m2

Holding capacity 27 ton
Capacity at 4% moisture removal 14.5 ton/h
Drying air temperature 68◦C
Airflow 68000 m3/h
Heat consumption 760× 103 kcal/h

Source: Cimbria Unigrain Ltd., Denmark.

dryer serves as the cooling section. Table 1.21 contains the specifications of a typical
commercial mixed-flow maize dryer.

Concurrent-flow Dryers
Figure 1.30 shows aschematic of a two-stage concurrent-flowgrain dryer.A tempering

section separates the two adjoining drying stages. The wet grain flows from a garner bin
through the two drying sections and the tempering section in the same direction as the
drying air. There is no airflow in the tempering section. (The function of the tempering
process is to reduce the temperature and the moisture gradients in the kernels before
subsequent further drying, and thus improve the grain quality.) In the cooler, the grain
and air flow in opposite directions. The depth of the grain bed (or layer ) in a concurrent-
flow dryer and the static pressure and inlet-air temperature are substantially larger and
higher than in cross-flow and mixed-flow dryers. Table 1.22 contains the specifications
of a typical commercial concurrent-flow maize dryer.

Continuous-flow Dryer Controls
The moisture content of wet grain reaching a high-temperature continuous-flow dryer

over a 24-hour period can vary greatly. At commercial elevators, it is not unusual to
encounter moisture-content differences of 10% to 15% in lots of maize received from
different growers. All the grain must be dried to approximately the same average moisture
content, however, by properly varying the speed of the unload auger and thus the residence
time of the grain in the dryer.

Manual control of continuous-flow dryers often leads to significant overdrying or
underdrying because manual-control decisions in changing the auger speed are based
on hourly readings of the inlet and outlet moisture contents of the grain. Automatic
controllers receive this information continuously and thus can minimize the overdrying
or underdrying of the grain.

For many years, the automatic control of continuous-flow grain dryers was limited to
temperature-activated feedback-type controllers that measure the grain or the exhaust-air
temperature at one or several locations along the drying column. A temperature-activated
controller is inaccurate and inconsistent at moisture content changes exceeding 3%, due
to the nonlinearity of the drying process. Therefore, the temperature-activated controllers
are slowly being replaced by moisture-activated systems.
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Table 1.22. Specifications of a typical commercial three-stage
concurrent-flow maize dryer with counterflow cooler

Characteristic Specification

Bed area 13.38 m2

Capacity at 15%–24% moisture content 45 ton·h−1

Grain-flow velocity 4-7 m·h−1

Inlet moisture content 24% w.b.
Depth of each drying stage 0.76 m
Depth of each tempering stage 3 m
Depth of cooling stage 1.2 m
Airflow for each drying stage 570 m3 min−1

Static pressure in drying stage 3.2 kPa
Airflow for cooling stage 570 m3 min−1

Static pressure in cooling stage 2.4 kPa
Drying air temperaturea 200◦C
Fuel consumption 3933 kJ·kg−1

Source: [12].
a Drying air temperature can be as high as 230–285◦C.

Figure 1.30. Two-stage concurrent-flow dryer with counterflow cooler, tempering section, and
recirculation of the cooling air and part of the drying air [12].
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Figure 1.31. Schematic of an automatic control system for continuous-flow grain dryers. A/D,
analog to digital; D/A, digital to analog.

Figure 1.32. Inlet and outlet moisture contents versus
time during a typical test of automatic control of a

cross-flow maize dryer with a set point of 15.5% (w.b.).

Figure 1.31 shows the schematic of a moisture-based automatic control system in-
stalled on a high-capacity continuous-flow grain dryer. Figure 1.32 illustrates the varia-
tion in the outlet moisture content of maize dried in a cross-flow dryer operating under
feedforward/feedback control [13].

1.3.5 List of Symbols

EMC equilibrium moisture content, dry basis (decimal)
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Ga airflow rate (kg dry air·h−1)
M moisture content, dry basis (decimal)
MR moisture ratio (M − Meq)/(Mo − Meq)
1P static pressure (Pa·m−1)
Q airflow rate (m3 m−2 s−1)
RH relative humidity (decimal)
T air temperature (◦C)
W humidity ratio (kg·kg−1)
a, b, c constants
c specific heat (J·kg−1 · ◦C−1)
h enthalpy of moist air (kJ/kg)
ha volume convection heat-transfer coefficient (J·m−3 · ◦C−1·h−1)
h f g heat of evaporation (J·kg−1)
k, n coefficient
t time (h, min, or s)
v specific volume of moist air (m3 kg−1)
x bed coordinate (m)
θ grain temperature (◦C)
ρ density ( kg dry matter·m−3)

Subscripts:

a air
dp dew point
eq equilibrium
o initial
p grain
v vapor
w water
wb wet-bulb
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1.4 Grain Storage
J. E. Montross, M. D. Montross, and F. W. Bakker-Arkema

The objective of grain storage is to maintain the quality of the grain during the storage
period, either short-term (i.e., 2–6 weeks) or long-term (i.e., over 4–8 weeks). The quality
factors to be preserved (see Section 1.1) depend on the requirements of the end user of
the grain.

To keep grain in good condition, it should be stored at a relatively low moisture
content and cool temperature in order to prevent the development of molds and insects.

The practice of crib storage of ear maize and bag storage of grains still is exercised on
smaller farms in many developing countries, but bulk storage is rapidly replacing both
methods worldwide.

1.4.1 Crib Storage

The use of wire-cage cribs (Fig. 1.33) for the storage of ear maize is rarely practiced.
Ear maize can be safely stored with natural ventilation at 20% to 25% moisture (w.b.) in
temperate climates if excessive foreign matter (i.e., husks and silks) is absent. In warm
and humid regions, cribs must permit fumigation to control insect infestation.

Proper ventilation can generally remove 3% to 5% excess moisture; therefore, high-
moisture (>25% w.b.) ear maize can be stored with mechanical ventilation. An airflow
rate of 5.6 to 11.1 m3min−1ton−1 is recommended for the safe storage of high-moisture
ear maize [1].

1.4.2 Bag Storage

Bag storage of grains is suitable for small-scale systems in some regions of the world
[2]. Bag storage has the advantage that the grain can be moved easily, and segregated in
individual farmers’ lots. Bags may be piled under any shelter and can be handled without
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Figure 1.33. Cylindrical wire-cage crib.

Figure 1.34. Typical bag-storage stacking pattern.

special equipment. Bag storage can become overly expensive in locations in which labor
costs are high.

Bags typically made of woven jute, hemp, local grass, or cotton offer no protection
against moisture, insects, and rodents. Polypropylene bags are mechanically stronger
and are rodent-proof but are expensive and susceptible to deterioration by ultraviolet
radiation. Jute bags can be stacked up to a height of 6 m in warehouses, polypropylene
bags only to 3 m because of slipping.

Dunnage should be used to keep grain bags at least 15 cm off the floor (see Fig. 1.34).
Stack size should not exceed 6× 9 m, and a stack should be divided into six blocks
containing 256 bags, with a row of six bags lengthwise adjacent to a row of 10 bags
widthwise.

1.4.3 Bulk Storage

Vertical Storage
Grains commonly are stored in vertical structures, in particular in reinforced concrete

silos and in steel bins. An economical layout of the various silos and bins is essential
[3]. The foremost advantage of vertical storage is the efficient discharge of the grain
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Table 1.23. Holding capacity of round
bins/silos (in tons per meter of deptha)

Diameter (m) Maize Wheat

4.57 11.8 12.8
5.49 17.0 18.5
6.40 23.1 25.1
7.32 30.3 32.9
8.23 38.3 41.6
9.14 47.2 51.3

10.06 57.2 62.1
10.97 68.0 73.8
11.89 79.9 86.7
12.80 92.6 100.5
14.63 120.9 131.3
18.29 189.0 205.3

Source: [4].
a Does not include space above eave line.

Based on 1.39 m3/ton for maize and 1.28
m3/ton for wheat.

by gravity flow. The structural-design requirements of silos and bins are discussed in
Volume 2 of the CIGR Handbook.

The approximate holding capacities of round bins and silos with different diameters
for maize and wheat in tons per meter depth is tabulated in Table 1.23. The exact holding
capacity depends on the bulk density of the grain.

Concrete and metal each have advantages and disadvantages as basic construction
materials for grain bins. The main benefits of concrete are long lifetime, limited mainte-
nance, large storage volume, low thermal conductivity, and limited water-condensation
problems. Drawbacks of the concrete grain silo are the significantly higher initial cost
and erection time than those of steel bins of equal storage volume.

Steel bins have gained popularity rather recently. In addition to their advantages over
concrete silos with respect to initial costs and erection time, steel bins are more easily
accessible through manholes and are more easily fitted with aeration equipment and
temperature-measuring instrumentation.

Concrete silo walls typically have a thickness of 150 mm; the thickness of steel
bin walls is characteristically 5 mm. Thus, concrete and steel bins of the same outside
diameter differ in volume; e.g., a 30 m high, 5 m diameter steel bin has a volume which
is 12% greater than a concrete silo of equal dimensions [3].

Steel bins should be galvanized, and the bolts and nuts zinc coated; rust-protection
paint should be applied when rust spots appear. The outside walls of concrete silos
require a protective coating occasionally to prevent the damaging effect of environmental
sulfurous air-pollution.

Horizontal Storage
Horizontal sheds and warehouses are often employed in addition to bins and silos for

grain storage at large grain depots. It is more costly and labor-intensive to move grain
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Figure 1.35. A horizontal grain-storage facility with aeration system in
the ground [3].

into and out of a horizontal storage but the fixed cost per unit volume is significantly less
for horizontal storage than for vertical storage.

The airflow during the aeration of grain in a shed is less uniform than in a bin, and there-
fore the airflow rate has to be higher, i.e. 0.05 m3min−1 ton−1 i.s.o. 0.02 m3min−1ton−1.
The maximum height of the grain in horizontal storages depends on the strength of the
walls, but usually does not exceed 6–8 m.

A typical flat bottom warehouse is shown in Fig. 1.35; the aeration system is located
in the concrete floor [3]. Note the conveying systems for filling the storage.

CA Storage
Controlled-atmosphere (CA) storage of grains includes commodity-modified CA stor-

age and artificially modified CA storage [5]. In commodity-modified storage, respiration
of the grain and the microorganisms reduces the O2 and increases the CO2. The atmo-
sphere in an artificially modified storage is changed by injecting N2 or CO2 into the
system.

Traditional underground pit storage is an example of sealed commodity-modified CA
storage; ideally, the O2 decreases to 0.2% to 0.5% and the CO2 increases to 45% to 50%.
In such atmospheres, the toxin development of fungi and growth of insects are inhibited.
Pit storage continues to be practiced in some developing countries, in particular in Africa
[Dunkel, F., personal communication].

Nitrogen-producing exothermic generators are available commercially for altering the
intragranular gas composition in a grain storage. They are employed mainly to prevent
insect development during long-term storage of 12% to 14% moisture-content grains.
Subjection to pure N2 for a few days kills all forms of insects (i.e., eggs, larvae, adults),
but it is difficult to maintain a storage without leakage. Therefore, many N2 storages
contain a gas mixture of 97% to 99% N2 and 0.5% to 4% O2. At the lower N2 levels, the
lethal response of insects is negatively affected as the figures in Table 1.24 show. The
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Table 1.24. Days of exposure to low oxygen levels in nitrogen
required for complete control of adult insects in grain stored at

14–17◦C

Species <1% O2 1–2% O2 2–4% O2

Oryzaephilus surinamensis 10 7 18
Sitophilus granarius 12 15 27
Tribolium confusum 2 — —

Source: [6].

exact response depends on the insect species, the grain temperature, and the moisture
content [7].

Another gas employed for the CA storage of grains is CO2 [8, 9].

Chilled Storage
To prevent the invasion of insects to non–CA stored grain, especially in the tropics

and subtropics, the grain is treated with chemicals or lowered in temperature. The use
of chemicals is discussed in the next subsection.

A grain chiller is a device that cools ambient air to the desired temperature and relative
humidity before forcing the conditioned air through the stored grain (see Fig. 1.36).
The grain chiller is basically a mechanical refrigeration unit equipped with a precise
temperature and humidity controller. Figure 1.37 shows the level of control of the air
temperature and humidity established by a chiller.

Figure 1.36. Grain-chilling process that utilizes a refrigeration system to
control the temperature and relative humidity of the air before it enters the

grain silo.
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Figure 1.37. Temperature and relative humidity of ambient air and of air
chilled by a commercial grain chiller under typical midwestern U.S.

conditions. (Source: sales brochure, Zanotti, Suzzara, Italy.)

Table 1.25 contains the technical specifications of a typical commercial grain chiller.
The chilling rate of rice in a silo is shown in Fig. 1.38; note the slight change in the

moisture content of the rice.

Aeration
Grain stored in bulk at an initially low uniform moisture content will over time in-

crease in moisture content at some locations in the bin. This phenomenon is caused
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Table 1.25. Specifications of a typical commercial
grain chiller

Characteristic Specification

Chilling Capacity (ton/d)
Maximum 132
In summer 59–64
In autumn 100–109
Average 77–91

Flowrate of chilled air (m3/min)
At static counter-pressure of:
∼1.0 kPa 85
∼2.0 kPa 74
∼3.0 kPa 59

Compressor cooling capacity (kW)a 33
Connected load

Compressor 7.9
Cold-air fan 5.5
Condenser fan 0.55
At nominal cooling capacity 13.0
At start-up (38 A)

With heating element 23.1
Without heating element 17.1

Power to control box, A 63.0

Source: [10].
a At condenser temperature of 30◦C and evaporator

temperature of 0◦C.

by a low rate of airflow occurring in the bin, resulting from a temperature difference
between the grain near the bin walls and the ambient air surrounding the bin. The so-
called natural-convection airflow currents lead to condensation and crusting of the grain,
usually in the 0.3- to 0.5-m thick grain layer in the top-center of the bin. The detri-
mental effects of natural convection can be counteracted by minimizing the previously
mentioned temperature difference between grain and air. This is the objective of the pro-
cess ofaeration, the intermittent moving of ambient air at low flow rate through stored
grain.

The recommended airflow rate for aeration of silos in temperate climates is in the
range of 0.025 to 0.10 m3min−1ton−1; in tropical regions higher airflows are employed,
such as 0.05 to 0.25 m3min−1ton−1 (see Table 1.26). The time for the cooling front to

Table 1.26. Recommended airflow rate for aeration of
grain stored at 13% to 15% moisture content (w.b.)

(in m3min−1ton−1)

Storage Type Temperate Climate Subtropical Climate

Vertical 0.025−0.05 0.05−0.15
Horizontal 0.05−0.10 0.15−0.25

Source: [4].
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Figure 1.38. Temperature and moisture content of rice aerated with a grain
chiller [11].

pass through a bin, and thus the time required for aerating a bin, depends on the airflow
rate (and in temperate climates on the season) (see Table 1.27).

An aeration system consists of a fan, an air-supply duct, aeration ducts located in the
bin (or a perforated floor), and an aeration controller. The specifications of the fan and air-
supply duct are calculated using the airflow information in Section 1.3.1 of this chapter.
Several potential air-distribution patterns in horizontal and vertical bins are shown in
Fig. 1.39.

An aeration system should be automatically controlled because manual control of the
fans is labor-intensive and inaccurate. Sophisticated controllers are computer-based and
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Table 1.27. Approximate fan time for aeration
of grain to equalize grain temperatures

Season Airflow of 0.05 Airflow of 0.25
m3min−1ton−1 m3min−1ton−1

Fall 300 60
Winter 400 80
Spring 240 48

Source: [4].

Figure 1.39. Typical grain aeration systems [4].

measure the temperature and relative humidity of the ambient air and of the interstitial air
among the kernels in the bin [12]. Less sophisticated controllers base their fan-operating
decisions solely on the air and grain temperatures, or only on the relative humidity of the
ambient air. The reader is referred to Ref. [13] for specific information on commercial
aeration controllers and to Section 1.3.3.

1.4.4 Grain Pests

Stored grain is subjected to the deleterious effects of grain pests, in particular to molds,
insects, and rodents. The degree of pest activity is a function of the moisture content
and temperature of the grain, the damage level of the grain, the foreign-material content
of the grain, the type and hybrid of the grain, and the interstitial atmosphere around
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the grain. In general, the lower the moisture content, the temperature, the damage level,
and the foreign-material content of the grain, the longer it can be stored without being
affected by one of the grain pests. Also, covered seeds (e.g., oats) store better than naked
seeds (e.g., wheat).

Molds
Many mold species can develop on grains, in the field as well as in storage. Among

the major field molds are species of the generaFusariumandAspergillus. Field molds
can develop under high relative-humidity conditions (>88%), over a wide range of
temperatures (10–35◦C). If grain is properly dried, field molds do not further develop in
storage.

Species ofAspergillusandPeniciliumare among the principal storage molds of grains;
each requires a minimum moisture content for growth (see Table 1.28). Likewise, de-
velopment of a species is limited to a certain temperature range (see Table 1.29). The
general effect of temperature and moisture content on the allowable storage time of maize
is illustrated in Fig. 1.40.

The major losses caused by fungal growth in grains are decreases in germinability,
discoloration of the seed germ, heating and development of mustiness, biochemical
changes, potential production of toxins, and loss in dry matter. Of particular importance
is the potential production of toxins.

Several grain molds produce toxins, calledmycotoxins. They are defined as “fungal
metabolites which when ingested, inhaled or absorbed through the skin cause lowered

Table 1.28. Conditions for growth of common
storage molds on cereals at 25◦C to 27◦C

Relative Moisture
Humidity Content

(%) (% w.b.)

Aspergillus halophilieus 68 12–14
A. restrictus 70 13–15
A. glaucus 73 13–15
A. candidus, A. ochraeus 80 14–16
A. flavus, parasiticus 82 15–18
Penicillium spp. 80–90 15–18

Source: [14].

Table 1.29. Conditions for growth of four toxin-producing molds

Temperature Relative-Humidity
Range (◦C) Range (%)

Aspergillus flavus 10–40 80–82
A. parasiticus 10–40 80–82
A. ochraceus 8–35 79–81
Penecilium verrucosum 0–35 80–84

Sources: [15, 16].
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Table 1.30. Maximum mycotoxin levels in feed grains in
the United States in 1998

Aflatoxin DON Zearalenone
Animal (ppb) (ppm) (ppm)

Nursery pigs — 0.5 0.5
Young chicks and 20 1.0 2.0

grow pigs
Finishing pigs 200 1.0 2.0
Breeding cattle and 100 — —

mature poultry
Finishing beef cattle 300 — —

Source: [19].

Figure 1.40. Allowable storage time for maize as a function of moisture content and
temperature, based on limiting the development of storage molds or the equivalent of 0.5%

dry-matter loss (17).

performance, sickness or death in man, or animals” [18]. Major mycotoxins are afla-
toxins, vomitoxins (DON), and zearalenone. Table 1.30 lists the maximum allowable
mycotoxin levels in feed in the United States in 1998.

Insects
Insects can cause major losses in stored grain, not only in tropical and subtropical

regions but also in temperate climates. Hundreds of insect species have been found in
grain storages. Table 1.31 lists some common grain-storage insects and their optimal
growth conditions.
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Table 1.31. Optimal development conditions of some common
insect species found in grain storages

Temperature Relative Humidity
(◦C) (%)

Sitophilus oryzae 26–31 70
(rice weevil)

S. zeamais 27–31 70
(maize weevil)

Rhyzopertha dominica 32–34 50–60
(lesser grain borer)

Prostephanus truncatus 25–32 80
(larger grain borer)

Sitotroga cerealella 26–30 75
(Angoumois grain moth)

Plodia interpunctella 26–29 70
(Indian meal moth)

Tribolium castaneum 32–35 70–75
(red flour beetle)

Cryptolestes ferrugineus 33 70–80
(rusty flour beetle)

Oryzaephilus surinamensis 31–34 90
(sawtoothed grain beetle)

Trogoderma granarium 33–37 25
(khapra beetle)

Sources: [20, 21].

Losses inflicted by insects to stored grain consist of disappearance of a large portion of
the kernels, damage to the germs, heating (followed by molding) of the grain, and contam-
ination of the grain mass. The development of insects in grain storages can be prevented
by controlling the temperature and moisture content of the grain or by modifying the
interstitial air. In chilled grain storages, the grain temperature and equilibrium moisture
content are kept low; in CA storages the oxygen content is maintained at a low level.

Stored-grain insects are divided into internal feeders and external feeders. The internal
feeders develop from egg to larva to insectwithingrain kernels. The external feeders hatch
from eggs laid on thesurfaceof grain kernels. Internal feeders are the more destructive
insects; major species are the rice and maize weevils, the lesser and larger grain borers,
and the Angoumois grain moth. Among the common destructive external feeders are the
Indian meal moth, the red flour and rusty grain beetles, and the sawtoothed grain beetle.
Which insect species occur in a region depends on the local temperature and humidity
conditions, and on the type of grain in storage. Thus, the khapra beetle (an external
feeder) is a major pest in the tropics but is not found in the United States.

The infestation of stored grain by insects is limited by taking the following steps [4]:
• Remove all grain debris from in and around the bin before the harvest season.
• Treat the bin walls with a proper chemical at least 2 weeks before the bin is to be

filled.
• Use a grain cleaner.
• Store grain at the proper moisture content.
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• Cool stored grain by aeration or chilling to below 10◦C (if possible).
• Monitor the grain temperature and moisture content and the presence of mold and

insects.
• Aerate grain if the maximum grain temperature exceeds by 6◦C the average 24-hour

ambient temperature.
• Clean and sell or fumigate grain immediately after insects are discovered.
Fumigation (i.e., chemical treatment) of stored grain should be implemented by pro-

fessional fumigators [22]. Only a limited number of chemicals still are available com-
mercially (e.g., in 1998 in the United States only phosphine).

Rodents
Rodents are considered a storage pest because they consume and damage grains in the

field and in storage, destroy baggage and storage structures, and transmit diseases that are
dangerous to humans (i.e., through urine and droppings mixed with grain). Cleanliness
during grain harvest and handling reduces the risk of rodents.

Three common rodents found throughout the world are the house mouse (Mus mus-
culus), the brown rat (Rattus norvegicus), and the ship rat (Rattus rattus).

Two forms of rodent control are practiced. Poisons are used only if a rapid reduction
in rodent population is required. Trapping is implemented if poisons are too dangerous
and rodent odors must be avoided. The snap trap (i.e., mouse trap) and the steel animal
trap are commonly employed.

Rodent-proofing of a storage facility is necessary to curtail the development of rodents.
The following is recommended for rodent-proofing a storage facility:
• Exterior structures should be constructed of gnaw-proof materials.
• Openings should be closed or protected with doors, screens, or grates.
• Dead space within the interior of the storage structure should be avoided.
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1.5 Grain Drying and Storage in the Tropics
Juarez de Sousa e Silva and Pedro Amorim Berbert

Although cereal grains and oilseeds can be produced throughout the year in tropical
regions, productions are normally seasonal and harvest takes place at certain times of
the year. Because of this fact, it is necessary to store grains for different lengths of time
in order to provide consumers with an uniform grain supply.

With some exceptions, including parts of Brazil, Australia, and Argentina, grains such
as beans, corn, and rice historically have been produced by farmers owning small land
areas (less than 50 ha) and generally are associated with concepts of low production and
yield, low capital investment, and low level of technology use. Value-added grains and
oilseeds generally are produced with high levels of technology use. Commercialization
and distribution of their products generally are made through well-organized cooperative
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systems. These farmers have easy access to information on stock-market prices, quality
standards, and up-to-date technologies.

It is not difficult to realize how important is the need for grain preservation in the trop-
ics. However, providing a storage technology capable of preserving the quality of cereal
grains in various regions in the tropics is a very complex undertaking. To successfully
store grains in the tropics, it is necessary to understand how the product deteriorates and
the methods generally used to control the deterioration process. Much of the tropical re-
gion is characterized by climates that makes it unsafe to store grains. High temperatures
and relative humidities predominate over prolonged periods of time, thus increasing the
potential for deterioration due to insects, birds, molds, and rodents. Even in the best-
constructed and best-managed facilities, storing grain in the tropics is a very difficult
task.

Despite the availability of various types of storage facilities, which vary from dis-
carded oil drums to modern silos, the ways in which grains are harvested, handled, dried,
and stored in developed regions of the tropics do not differ from those used either in
the United States or in Europe. However, high initial moisture contents at harvest and
warm weather throughout the year, which prompts an intense level of biological activ-
ity (grain respiration, insect and mold development), require from managers of stored
product facilities in the tropics frequent supervision of the stored grain and a more care-
ful approach to quality aspects as compared with those facilities located in regions of
temperate climates.

1.5.1 Deterioration During Storage

The main objective of storing grain in a proper way is to maintain, throughout the
whole storage period, the biological, chemical, and physical characteristics that the grain
possessed immediately after harvest. One of the most critical physiological factors that
determines a successful grain-storage process in the tropics is its moisture content. A
high moisture content leads to storage problems because it creates a favorable condition
for mold and insect growth, an increased grain respiration rate, and germination during
storage. One of the products of respiration is heat, and reduction of temperature of the
harvested crop can help reduce the rate of respiration and thus increase the storage
life of the product. Also, lowering the temperature reduces insect and mold activities,
and consequently the rate of spoilage is reduced. Intense insect and mold growth are
recognized as the major problems preventing successful grain storage in the tropics.

1.5.2 Drying Systems

Low-temperature and Sun Drying
Low-temperature drying is a process used to dry cereal grains that uses ambient or

slightly heated air and employs bins normally used for grain storage. Thus, the pro-
cess is normally referred to asin-bin drying. The drying bin must have some special
characteristics—perforated floor (10% to 25% of area perforated), uniform distribution
of the drying air—and fan selection must be based on grain initial moisture content, bin
size, and allowable drying time. Electric resistance heaters or gas, wood, and oil-burning
furnaces are the most common heat sources.
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Table 1.32. Conditions for low-temperature drying (25◦C and 65%
relative humidity) of selected products in the tropics

Maximum Initial Moisture Minimum Airflow Rate
Content (% w.b.) (m3/m3·min)

Beans 18 3.0
Corn 18 3.0
Rice 18 3.0
Parchment coffee 22 5.0

Heating the air some degrees above ambient temperature may bring some mold-related
problems if the bin is rapidly filled. Table 1.32 shows the mean airflow rate used for some
tropical products at different moisture contents and for mean ambient conditions. It is
recommended that the drying bin be filled in no fewer than 5 days.

To avoid deterioration and to reduce fan power requirements, it is recommended that
a new layer of wet grain be added to the bin only after the previous layer already is
dried to the desired moisture content. While designing a low-temperature drying system,
the engineer must remember that the daily moisture-content reduction of the crop in
the field is roughly 0.5%. Monitoring a low-temperature drying system requires daily
verification of relevant ambient temperature and relative humidity and grain temperature
and moisture-content conditions. In the case of using slightly heated air, at the end of
the drying the grain must be cooled at ambient temperature.

Figures 1.41 and 1.42 show types of solar dryers used for coffee drying [1]. The
number of drying panels needed to dry a determined volume of coffee may be calculated
as follows:

Np = 13Nd − (8Nd/3), (1.9)

whereNp is the total number of panels andNd is the number of panels used daily. Sun
drying on paved terraces or even on roads is a common procedure in remote areas of
developing countries in situations in which no mechanical drying systems are available

Figure 1.41. Solar coffee dryer.



62 Grains and Grain Quality

Figure 1.42. Fixed-bed solar dryer.

or there is a lack of appropriate space to dry unexpected production due to high yields.
Sun drying on a drying terrace or floor is a procedure that requires high labor inputs
per ton; mechanized continuous-flow high-temperature dryers with handling equipment
require very little labor. As a result of this, sun drying only fits the situation in which labor
is cheap and supply is abundant during the harvest season. According to Teter [2], this
still is the prevailing situation in many developing countries, especially at village level.
Products dried in this way include beans (Phaseolus vulgarisL.), rice (Oryza sativaL.)
and coffee (Coffea arabicaL.).

Another overwhelming reason for choosing sun-drying procedures on paved terraces
or even on roads is related to economics: It is estimated that for some products sun drying
may be half the cost of mechanical drying [2]. It is widely recognized that sun drying of
rice results in more broken kernels because it is difficult to control the temperature of the
product. In most situations in which the farmer applies the sun-drying procedure using
terraces or roads, the temperature of the product often exceeds the allowable maximum
value (approximately 40◦C), and rewetting of the dried product, mainly rice, causes
fissuring of the endosperm.

Sun drying on roads is not a recommended procedure because it generally results in
a product of poor quality as compared with a well-conducted artificial drying. Besides,
the use of roads to dry agricultural commodities is prohibited in most countries.

High-temperature Drying
Among the grain-drying systems used in the tropics, the high-temperature, high-

capacity drying method is the most widely used because, in general, it is independent of
weather. In choosing between the high- and low-temperature drying methods, a careful
economic balance must be calculated. Unfavorable weather may add to the cost of low-
temperature and sun drying and also impair the quality of the grain by creating favorable
conditions for the growth of molds.

Airflow rates normally employed in high-temperature drying systems in the tropics
depend on dryer type but are generally greater than 10 m3/min·ton. With slight design
modifications, high-temperature dryers used in the tropics are very similar to those used
in the United States and Europe. Of the wide variety of dryers available on the market,
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Figure 1.43. Rotary dryer.

Figure 1.44. Rotary dryer.

rotary dryers (Figs. 1.43 and 1.44), column-type dryers, and mixed-flow dryers are the
most popular, with nominal capacities varying in the range from 0.5 to 100 ton/h.

Fixed-bed Dryers
A fixed-bed dryer is a modified version of a batch-in-bin dryer, and it usually is

constructed using materials easily found in the farm and applying low levels of technology
input. The drying air may be heated by a directly or indirectly fired furnace that uses
wood, coal, or biomass as fuel. Figure 1.45 shows a type of fixed-bed dryer developed
by Silva and Lacerda Filho [3], and Table 1.33 gives its operational characteristics.

Owing to its design, the fixed-bed dryer presented in Fig. 1.45 may be used to dry a
wide variety of agricultural products, including those that do not flow easily in handling
equipment and mechanical dryers: high moisture-content coffee cherries, beans in pods,
cocoa beans, hay, chopped grass, corn on the cob, and cassava.

Natural-Convection Dryer
The natural-convection dryer presented in Fig. 1.46 is another type of dryer used by

small-scale grain producers. Like the fixed-bed dryer, it may be used to dry a variety of
agricultural products, including those with flow problems. The air is heated using a heat
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Table 1.33. Operational characteristics of the fixed-bed dryer developed by
Silva and Lacerda Filho

Drying-air
Temperature Layer Depth Stirring Interval

Product (◦C) (m) (h)

Corn 60 0.4 2.0
Beans 40 0.4 2.0
Rice 45 0.3 1.5
Soybeans 45 0.6 2.0
Coffee (50%–60% w.b.) 50 0.5 3.0
Coffee (30%–35% w.b.) 50 0.4 3.0
Cassava 40 0.3 3.0

Source: [3].

Figure 1.45. Fixed-bed drying.

Figure 1.46. Natural-convection dryer.
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exchanger located inside the dryer. Despite its simplicity and low-construction cost, this
type of dryer is suitable for regions in which electric energy is not yet available. The
air is forced up through the product due to a pressure gradient created by a temperature
difference between the drying air and ambient air.

Despite the advantages brought about by the requirement of no moving parts, in-
cluding a fan, and its low cost, this type of dryer generally is criticized for its low
drying efficiency. Also, the airflow rate and the drying-air temperature are difficult to
control during the drying process, and the final moisture-content difference is generally
higher than normally accepted. If the heat exchanger is damaged, some leaking of smoke
generally occurs, which could worsen the quality of the dried product.

1.5.3 Cacao-Bean Drying

Freshly harvested cacao seeds are submitted to a series of unit operations before they
are ready for processing into cocoa powder. These freshly harvested cacao seeds are
covered with a slippery layer of mucilage of variable thickness. The mucilage is insoluble
in water, and it adheres to the cacao seed too firmly to be dispersed and removed by
washing. This mucilage has to be removed to prevent quality deterioration during drying.
The most common method of removing the mucilage is natural fermentation. The cacao
seeds are placed in wooden tanks and the natural enzymes present in the mucilage itself
complete the digestion. The seeds are allowed to remain in the fermentation tanks for 6
or 7 days. After this period, the mucilage has become completely dispersible and may
be washed away. Then, the seeds with moisture contents ranging from 55% to 65%
(w.b.) are transferred to a dryer in which their moisture content is reduced to 8% (w.b.).
The process of flavor and taste development starts during the fermentation process and
continues up to the end of the drying process. These are the most important operations
in preparing good-quality commercial cocoa.

In order to produce a high-quality product, cacao seeds must be dried slowly and
uniformly by using drying temperatures not higher than 60◦C. As for coffee, it is essential
that cacao seeds present a highly uniform moisture-content distribution at the end of
the drying. Heat and mechanical damage must be avoided whenever possible. Mold
development in the seed coat is not considered a serious problem, for these coats are
removed during processing. However, if the seed is damaged and the cotyledons are
invaded by fungi, there certainly will occur quality deterioration during chocolate-flavor
and taste development.

Contamination with smoke leaking from the heat-exchanger unit located in the furnace
is one of the major causes of quality deterioration. It is even advisable that no smoke-
producing units but the one used in the dryer be located close to the drying and storage
facilities. As a matter of fact, all types of high-temperature dryers will produce some
smoke-related problems because small leaks in the heat exchanger are difficult to locate
and fix.

Although losing ground to the high-temperature drying systems, the sun-drying tech-
nique still is adopted in some regions to dry cacao seeds. The mechanisms of heat and
mass transfer during the solar drying of cacao seeds do not differ from those observed
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Table 1.34. Capacities of platform
solar dryers

Dimensions
(width × length, m) Capacity (ton/y)

3.0× 6.0 4.0
4.0× 8.0 7.0
5.0× 10.0 12.5

Source: [1].

Figure 1.47. Platform solar dryer.

in other crops such as coffee. In Brazil, a very expensive type of solar dryer called a
platform dryeris widely used (Fig. 1.47). It consists of a platform covered with a mov-
able roof under which the seeds are placed to dry. If sunshine is available, the platform
is uncovered and the seeds are allowed to dry. During the night and rainy days, the roof
is used to cover the platform and hence to protect the seeds. Loading and unloading are
done by hand, and the cacao seeds also are stirred by hand during drying. Table 1.34
summarizes the dimensions most commonly used in the construction of this type of dryer
and their nominal capacity.

In the vast majority of cacao-producing areas, the harvest period coincides with the
rainy season and days of low solar radiation. As a consequence, the use of sun-drying
techniques, including the platform dryer, is not a good option. To keep up with the harvest
rate, farmers must use high-temperature dryers, and these include cross-flow, fixed-bed,
rotary, and convection dryers.

1.5.4 Physical Properties of Cacao Seeds

Thermal Conductivity
The equations presented in Table 1.35 relate the thermal conductivity,K (kW·m−1

K−1), of cacao seeds with moisture content, 0.05 d.b.≤ M ≤ 1.07 d.b., for three levels
of drying air temperature, 60, 70, and 80◦C [4].

Specific Heat
The folowing equation (r 2 = 0.78), developed by Sasseron [4], represents the specific

heat at constant pressure,cp (kJ·kg−1K−1), of cacao seeds as a function of moisture
content, 0.05 d.b.≤ M ≤ 1.20 d.b.

cp = 3.09+ 1.82M − 1.58M2 (1.10)
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Table 1.35. Thermal conductivity of cacao seeds

Drying-air
Temperature (◦C) Equation r 2

60 K = 0.1362+ 0.2554M 0.96
70 K = 0.1343+ 0.2561M 0.97
80 K = 0.1061+ 0.2878M 0.98

Source: [4].

According to Eq. (1.10), for moisture contents in the range from approximately 0.43
to 1.20 d.b., the specific heat of cacao seeds decreases with increasing moisture. This
fact clearly contradicts the expected physical behaviour and must be acconted for by
experimental errors during measurements.

Bulk Density
The bulk density,ρ (kg·m−3), of cacao seeds as affected by moisture content, 0.05

d.b.≤ M ≤ 1.07 d.b., may be represented by either of the following equations developed
by Sasseron [4], with coefficients of correlation of 0.93 and 0.99, respectively:

ρ = 938.2+ 153.5M (1.11)

ρ = 875.8+ 582.8M − 613.7M2+ 233.0M3 (1.12)

Thermal Diffusivity
The effect of moisture content, 0.05 d.b.≤ M ≤ 1.07 d.b., on the thermal diffusivity,

α (m2s−1), of cacao seeds during drying at 70◦C is given by the following equation [4],
with a coefficient of determination of 0.97:

α = 3.67× 10−5+ 7.70× 10−5M (1.13)

Thin-layer Drying Equation
The following equation (r 2 = 0.99) describes the drying rate of a thin-layer of cacao

seeds for drying-air temperatures ranging between 60 and 80◦C.

MR= 0.4329 exp
[−(0.5036− 0.0141Tabs+ 0.00013T2

abs

)
t
]

+0.5670 exp
[−(−23.9335+ 0.6973Tabs− 0.0046T2

abs

)
t
]
, (1.14)

whereTabs is the absolute air temperature (K), andt is time to dry toMR(moisture ratio)
with drying air temperatureTabs (h).
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2 Root Crops
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2.1 Root Crop Quality and Losses
J. De Baerdemaeker, N. Scheerlinck, P. Jancsók, and P. Verboven

Storage of root crops reduces the seasonal character of crop availability for the fresh
market or for the food industry. Most products are harvested during a specific season that
may last several months, but the consumption of these staple foods can occur all year
round. For example, in the Northern Hemisphere, potatoes are harvested between May
and October, but by using appropriate storage practices a quality product is available for
the consumer throughout the year.

Similarly, the storage of a crop has economic advantages, as it extends the processing
season and keeps the processing plants running continuously. It also helps food processors
bridge short-term periods of low supply of freshly harvested products. Sometimes the
availability of good storage facilities can reduce the purchase cost, as raw materials can
be purchased at favorable market prices. For the farmers, crop storage may lead to a better
average price by avoiding an oversupply on the market during the harvesting season.

It should be noted that storage conditions are important not only while the crop is
being stored but also during transportation.

A Committee on Postharvest Food Losses in Developing Countries of the U.S.
National Academy of Sciences–National Research Council issued a report in 1978 with
estimates of food losses. The overall losses for roots and tubers vary between 5% and
100%. The main causes of product loss are mechanical injury, physiological losses, and
losses due to diseases. Attacks on stored products by rodents or insects may be important
in some cases but are mostly of minor importance in comparison with damage resulting
from microorganisms. One can assume that similar causes of loss exist in most countries,
but that the extent of loss may vary depending on the conditions and technical expertise
available for storage design and management.

In the following pages a general discussion will be given on quality aspects and product
properties for root crops and how they are affected by growing conditions. Causes of
losses and some influencing factors also are given. In the last subsection of this section, a
general approach to crop storage modeling is given in an effort to combine experimental
evidence and physical phenomena in order to gain insight in storage behavior of crops.
Other sections deal with a number of specific root crops. From an understanding of the
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basic interrelationships between crop properties and crop physiology, the causes of crop
deterioration and damage, and the physical aspects of storage can often lead to simple
changes in storage practices that are effective in reducing losses.

2.1.1 Morphology of Roots, Tubers, and Bulbs

A morphological classification of plant parts allows an understanding of the nature of
the harvested product. When taking into account the development stage of the plant or
the plant part, it can help to predict the storage behavior and the handling requirements,
even if no specific product information is available. An illustration of the plant parts
used as vegetables is given in Fig. 2.1 [1]. Roots, tubers, and bulbs are the belowground
structures of interest in this section. These parts serve as storage organs, containing

Figure 2.1. Plant parts utilized as food are derived from virtually every portion of the plant. This
diagram illustrates examples of various parts from a cross-section of plants used as vegetables.

(Source: [2])



      

Root Crop Quality and Losses 71

products accumulated during photosynthesis. The fleshy roots, tubers, or bulbs often are
the only vegetative organs of a plant that are capable of surviving severe environmental
stresses such as prolonged periods of cold or drought. They can be used as sources of
raw material for human consumption or for processing. During a dormant period, for
example after harvest, the buds of the storage organs use the stored reserves to maintain
a low metabolic activity.

Roots
The storage organs of several crops are modified roots that contain mainly starch and

sugar reserves. In carrots, the storage root is formed from the hypocotyl and taproot tissue.
Secondary growth results in a central xylem core surrounded by phloem and pericycle
tissue with a massive development of parenchyma cells containing starch and sugars.

The sweet potato is an adventitious root with an anomalous secondary growth. The
fleshiness is due to a large volume of parenchyma in the primary and secondary xylem.
During the secondary growth, the epidermis is replaced by protective tissue called the
periderm.

Tubers
Tubers, for example potatoes, are underground parts that are anatomically the tip of a

stem or rhizome with the appearance of a root. They have visible leaf and branch buds and
are characterized by a central vascular cylinder and a thick cortex. The phloem is larger
than the xylem. The rapid volume expansion of potato tubers is due to the proliferation
of parenchyma around the pith. The stored reserves are mostly starch with some sugars
and proteins.

Bulbs
Bulbs, such as onions, are underground buds in whichthe stem is reduced to a late

with very short internodes, and the sheating leaf bases are swollen to form a storage
organ. At normal harvest maturity, the aboveground parts of the leaves shrivel, while the
swollen leave bases remain alive.

Adequate curing or drying of the neck and the outer leaf bases forms a protective
coating of dry tissue. During the dormant period, the metabolic activity of these storage
organs is low, and their keeping quality is good. The protective periderm originates from
layers of tightly arranged cork cells with virtually no space between cells. When mature,
these cells are suberized and contain layers of suberin, a fatty acid, and wax in the cell
walls. The tissue of potato tubers or of sweet-potato roots maintains its ability to form
epiderm even after harvest, provided that favorable temperature and humidity conditions
exist. Warmth and a high relative humidity during a period of a few days after harvest
favors the formation of periderm and of wound periderm, periderm formed when crops
are damaged during harvest. The ability to heal damaged or cut periderm, by forming a
new layer, protects the tissue from excessive water loss or invasion by pathogens.

2.1.2 Product Respiration

Respiration is a central process that occurs in all living cells; it is essential for the
maintenance of life in products after harvest. The function of respiration is the release
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of energy and the formation of carbon skeletons, and it is imperative for synthesis
or maintenance reactions after harvest. The respiratory activity does not require light
and occurs in the mitochondria and cytoplasm. The substrates used are oxygen and
stored carbon compounds, such as starch. Carbon dioxide, water, and energy are the end
products. Because these mostly are released into the surrounding atmosphere, the overall
effect is a loss in weight of the stored product. The utilization of the stored energy is a
process that has an effect on the product quality and is related to the overall metabolic
changes that occur in the stored plant. Therefore, although certain metabolic changes
may occur without a measurable change in respiration rate, the respiration rate remains
a general indicator of the overall metabolic rate.

A simplified representation of the process is:

C6H12O6+ 6O2→ 6CO2+ 6H2O+ 2667 kJ energy

As there is little cell development or growth in stored products, the respiration energy is
mainly in the form of heat rather than adenosine triphosphate.

The measurement of the respiration rate can be based on concentration changes in any
of the reactants or products involved in the process. In general, oxygen utilization or car-
bon dioxide production is used, because these can be measured with relative ease and ad-
equate accuracy. Techniques for measuring the respiration rate are not discussed here [1].

The respiratory activity of plants is strongly affected by a number of crop factors and
environmental factors. Because the end quality of a stored product is a direct result of
the respiration activity, it is mandatory to have a proper management and control of these
factors in order to optimize storage life.

Crop Factors

Species and Cultivars
Although differences in respiration rate may be expected between species, there may

also exist substantial differences among cultivars, resulting in differences in their storage
potentials [1].

Moisture Content
In general, metabolic processes slow down with decreasing moisture content. How-

ever, decreasing the moisture content of fleshy products like roots or tubers is not an
attractive method to control respiration, because moisture content is closely related to
product quality.

Surface and Volume Properties
The respiration rate of a product is usually proportional to the product mass. How-

ever, gas exchange with the environment occurs at the product surface, and the surface-
to-volume ratio can play an important role when considering the appropriate storage
conditions. In addition, the gas-diffusion properties of both the fleshy tissue and the
surface tissue are important. They may result in considerable gradients in gas concen-
trationsbetween the fleshy tissue and the surrounding tissue [1]. Natural surfaces of the
products like the epiderm or the dried outer layers of onions tend to increase the diffusive
resistance to the migration of oxygen, carbon dioxide, or water. In a later section, these
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diffusion resistances are incorporated in the mathematical models for describing storage
processes.

Cultural Practices and Stage of Development at Time of Harvest
The product composition in general is affected by these factors and in turn may affect

the respiratory behavior. This explains, in part, differences in final quality that exist
among crops harvested at different locations but stored in the same storage room.

Wounding
The respiratory activity of wounded plant tissue increases because of an increase

in the required healing substances such as lignin, suberin, or sometimes also callus.
Infection of the wounds by microorganisms also increases the respiration because of
defense reactions by the cells. In addition to these effects, wounding also alters the gas
diffusion resistance of the product surface.

Environmental Factors

Temperature
The metabolic rate of a harvested product is strongly influenced by the product tem-

perature. An increased temperature results in increased reaction rates; not all reactions
have the same change in rate with temperature. The change in respiration rate due to
a change in temperature represents the overall effect of temperature on the different
chemical reactions of the respiration process. Keeping the product quality throughout a
storage period as near as possible to the quality at harvest time requires that the metabolic
processes be slowed down as much as possible. This is best achieved by storage at low
temperature, provided that no other adverse effects, such as cell-membrane damage,
occur at low temperatures.

Some metabolic processes are exceptions to this overall effect. For example, in pota-
toes the respiration rate decreases with temperature, but the formation of sugars increases
dramatically with a decrease in temperature below 10◦C.

Different equations have been proposed to express the temperature dependency of the
respiration rate. One such measure is theQ10 value, the ratio of the respiration rate at
one temperature (T1) to the rate at a temperature 10◦C higher [1]:

Q10 = rate atT1+ 10◦C
rate atT1

(2.1)

For many products theQ10 value for respiration is between 2.0 and 2.5 in the temperature
range between 2◦C and 25◦C.

Another way to describe the temperature dependency of the respiration rate is using
an Arrhenius-type equation.

This is of the form:

Rate constant= Be−
A

RT (2.2)

With R the gas constant,T the absolute temperature, andA andB constants.
Based on data from the U.S. Department of Agriculture [2], the carbon dioxide pro-

duction of products can be expressed as a function of temperature, by a least-square
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Table 2.1. Coefficients for carbon dioxide production by commodities

Skin Mass Transfer Coefficient ks

(g/m2·s·MPa) Respiration Coefficients

Low Mean High VPL f g

Carrots 31.8 156.0 361.0 0.99 0.05002 1.793
Onions — 0.888 — 0.98 3.668 × 10−4 2.538
Potatoes — 0.635 — 0.98 0.01709 1.769
Sugar beets 9.09 33.6 87.3 0.96 8.591 × 10−3 1.888

Source: [3].

regression fit of the form [3]:

ṁCO2 = f

(
9Tm

5
+ 32

)g

, (2.3)

whereṁCO2 is the carbon dioxide production per unit mass of a product (mg kg−1 h−1),
Tm is the mass average product temperature (◦C), and f andg are respiration coefficients
given in Table 2.1. The rate of heat generation by respiration,Wresp(J kg−1 h−1), is given
by:

Wresp= 10.7ṁCO2 (2.4)

It should be noted that even at low temperatures the product is still characterized by a low
metabolic activity, and subsequently heat is still generated. This internal heat generation
in the product causes the product temperature to be slightly higher than the storage-room
air temperature. This may not have a large effect on the respiration activity, but it can
greatly affect the vapor-pressure difference between the product and the surrounding air,
thus influencing the moisture balance of the product.

Gas Composition
The gas composition of the atmosphere in which a root product is stored has a strong

influence on the respiratory activities of the product. As this topic has been addressed
in the chapter on fruit storage, only a few aspects are stressed here. Although fruits
grow under conditions of low diffusive resistance in the surrounding air, roots or tubers
normally grow under conditions of considerable diffusive resistance. There is a significant
difference in gas composition and diffusivity between growing and storing conditions.
This has an influence on the gas-exchange rate, and therefore on the metabolic activity
of the tissue. An overview of the different resistances to gas exchange between product
and ambient air is given in Fig. 2.2.

The respiratory activity of most stored root products decreases substantially if the
external oxygen concentration drops below 10%. At very low oxygen concentrations,
anaerobic metabolic processes start. For sweet potatoes, for example, this may already
be the case between 5% and 7% oxygen [1]. Of course, the internal diffusion resistance
and the rate of oxygen consumption are also controlling elements for the internal oxygen
concentration. The physiological state of the product and the size of the cells and the
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Figure 2.2. Resistances to gas exchange in a harvest product include storage
walls, package wall, boundary layer, product surface, and tissue. The

resistances of storage walls, package walls, and product surfaces are often
manipulated for certain postharvest products to extend storage life.

(Source: [1])

internal pores in the various layers are important. This may explain differences in storage
behavior among varieties and cultivars, and also among the individual products in a batch
and among growing seasons.

An increased concentration of carbon dioxide in the ambient air has an effect on
several biochemical processes, slowing down the overall respiratory activity. Again, this
effect may not be the same in all tissues or at all carbon dioxide concentrations. Potato
tubers, onions, and beet roots exhibit a marked increase in respiration activity at carbon
dioxide levels between 30% and 70%, a phenomenon that does not occur under normal
storage conditions.

Temporary exposure of the tissue to increased but commonly used carbon dioxide
levels also slows down the respiration rate; this effect vanishes when the carbon dioxide
concentration is reduced to normal values. Note that, similar to oxygen, the carbon
dioxide level in the tissue is the result of the respiratory activity, the diffusion resistances,
and the ambient concentrations.

Ethylene is a plant hormone that can significantly affect the respiratory activity of
plant tissues. Because most stored products produce ethylene, accelerated respiratory
activity ensues if this hormone is allowed to accumulate in the storage room [1].

Concentrationandconcentration gradientare commonly used terms. However, in
describing the processes that govern the uptake or diffusion of gases, it is more appropriate
to use the concepts of partial pressure and pressure gradient of the different components
of a gas mixture or of a liquid in equilibrium with the gas. Then, the effect of possible
differences in temperature can easily be accounted for. This can be important under
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Table 2.2. Effect of temperature and oxygen concentration on the respiratory rate
of various commodities

Carbon Dioxide Production (mg·kg−1 h−1)

In Air In 3% O2

0◦C 10◦C 20◦C 0◦C 10◦C 20◦C

Beetroot
Storing 4 11 19 6 7 10
Bunching with leaves 11 22 40 7 14 32

Carrots
Storing 13 19 33 7 11 25
Bunching with leaves 35 74 121 28 54 85

Onion (Bedforshire champion) 3 7 8 2 4 4
Potato

Maincrop (King Edward) 6 4 6 5 3 4
“New” (immature) 10 20 40 10 18 30

Source: [1].

the transient regimes of temperature such as during loading or unloading of storages.
In Table 2.2 an overview is given of the respiration activity of some root products at
different gas compositions and temperatures.

Respiration results in the utilization of substrate (e.g., glucose) and oxygen and the for-
mation of carbon dioxide, water, and energy. Knowing the rate of respiration (milligrams
CO2 produced per kilogram of product per hour), the rate of dry-weight loss and the
amount of heat and metabolic water produced can be calculated. Examples of these
calculations for carrots are illustrated in Fig. 2.3.

2.1.3 Water Loss of Stored Products

Transpiration
Transpiration of root crops is a mass transfer process in which water is lost from the

product. It involves the transport of moisture through the outer layers of the product, the
evaporation of the moisture from the product surface, and the convective mass transport
of the moisture to the surroundings. Moisture loss affects the product quality, causing
changes in appearance (the surface starts to shrivel), texture, and flavor. In addition,
moisture loss also reduces the mass of salable product. The driving force for transpiration
is the vapor-pressure difference between the surface of the product and the surrounding
air. The basic mathematical model to describe transpiration is given by:

ṁw = kt (Ps − Pa) (2.5)

whereṁw is the moisture loss per unit product surface,Pa andPs are the vapor pressure
in the surrounding air and at the product surface, respectively, andkt is the transpiration
coefficient. To take into account the skin resistance of the product and the effect of airflow
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Figure 2.3. Example of weight loss of carrots by respiration and transpiration.



            
78 Root Crops

rate, the transpiration coefficient is modified as follows [5]:

1

kt
= 1

ka
+ 1

ks
(2.6)

The convective mass transfer at the surface,ka, is a function of the airflow rate. The skin
mass-transfer coefficientks accounts for the diffusional resistance of the skin towards
moisture migration. The skin mass-transfer coefficient is dependent on the product type
and may vary over the surface. Crops with a cuticle have a low skin mass-transfer
coefficient except if they have sufficient stomatas. Roots and tubers with a periderm with
living cells have a high mass-transfer coefficient. After suberization, the potato periderm
has layers of cork cells that offer some protection from moisture loss and have a lower
mass-transfer coefficient.

The fact that only a fraction of the product surface may be permeable for water vapor
sometimes is specified explicitly in the expression for the transpiration coefficient [6]:

1

kt
= γ

(
1

kext
+ 1

kint

)
(2.7)

whereγ is the fraction of the surface permeable for water vapor,kext is the external
mass transfer coefficient, andkint is the internal mass transfer coefficient. The latter
depends on the internal (skin-layer) diffusion coefficient for water vapor and also on the
vapor-pressure difference inside and outside the product [7].

In model calculations it is convenient to use values ofks that have been obtained
experimentally [8, 9]. Values for the convective mass transfer coefficient at the surface
are calculated from the Sherwood-Reynolds-Schmidt correlation [8]:

Sh= 2.0+ 0.552Re0.53Sc0.33 (2.8)

whereRe is the Reynolds number,Sc is the Schmidt number, andSh is the Sherwood
number

Sh= ka + d

δ

whereδ is the diffusion coefficient of water vapor in air. Values of skin mass-transfer
coefficients are given in Table 2.1.

In storage conditions in which natural convection is significant, the airflow rate is
caused by internal heat generation and by evaporative cooling resulting from transpi-
ration. A higher fraction of surface permeable to water results in a higher rate of total
moisture loss and thus in lower temperature differences and lower air velocities under
steady-state conditions [6]. Also, it seems better to have a large porosity of the bulk
stored product. This results in a lower maximum temperature, while the total rate of
moisture loss appears to be only slightly affected.

Water Potential and Internal Water Status
Instead of the use of moisture concentrations to describe the internal water status of

root crops, the concept of water potential often is preferred. The concept is based on the
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chemical potential of water and is defined as follows:

ψ = µ− µref

Vw
(2.9)

whereψ is the water potential (Pa),µ is the chemical potential of water of the system in
question (J mol−1),µref is the reference value of the chemical potential of water (J mol−1),
andVw is the molal volume of water, given as 0.000018 m3 mol−1.

Equations to determine water potential for air,ψair, and solutions,ψsol, are [10]:

ψair = (RT/Vw) ln(RH/100) (2.10)

and

ψsol = (RT/Vw) ln Nw (2.11)

whereR is the gas constant,T the absolute temperature, RH the relative humidity,Nw
the molal fraction of water of the solution, andVw the constant molal volume of water.

The water potential of a systemψ potentially can be subdivided into a number of
potentials, including the vapor potentialψv, osmotic potentialψo, turgor potentialψt ,
matrix potentialψm, and gravitational potentialψg:

ψ = ψv + ψo + ψt + ψm + ψg (2.12)

For a description of the water status of plants, the osmotic and turgor potential are of
primary importance; the other factors can largely be neglected. Consider a plant cell and
the interstitial moisture around the cell. Because the water in the cell cytoplasm contains a
higher concentration in solutes than the water outside the cell, the osmotic potential of the
cytoplasm is more negative than the osmotic potential outside the cell. This difference in
osmotic potential causes moisture to migrate through the semipermeable cell membrane
into the cell.

The process of moisture migration into cells continues until the turgor potential,
associated with the turgor pressure created by the rigid cell wall of plant cells, equals
the osmotic potential. At this point, a hydrostatic equilibrium is reached. Conversely, if
the transpiration is excessive, water diffuses out of the cells into the interstitial spaces
due to a reversed water potential, and the turgor potential drops. The product loses its
turgidity and firmness.

Transfer of Moisture During Transpiration
If a root, tuber, or bulb is exposed to air, moisture loss to the surroundings may take

place. Although it is tempting to say that the driving force for the transfer of moisture
to the air is the gradient in moisture concentration, the correct explanation is that the
product possesses a higher water potential than the air and that moisture migrates from
a high water potential to a low water potential. It is therefore clear that moisture in a root
migrates towards the surface,where it subsequently evaporates into the surrounding air.
The following differential equation can be used to describe the migration of moisture in
root crops [10]:

∂M

∂t
= ∇km∇ψ. (2.13)
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Figure 2.4. Transpiration of root crops: related factors and phenomena. (Source: [4]) Au: Cite not
available?

Initial conditions are

ψ(t = 0)= ψo. (2.14)

Convective boundary conditions are

km
∂ψ

∂n
= hm(ψa − ψ) (2.15)

whereM is the moisture concentration ([kg moisture][kg dry matter]−1), ψ the water
potential (◦M), ψo the initial uniform water potential (◦M), ψa the water potential of the
air (◦M), km the moisture conductivity (kg moisture·m−1s−1 ◦M−1), hm the convective
mass transfer coefficient (kg m−2s−1 ◦M−1), t the time (in seconds), andn the outward
normal to the surface.

The system of equations contains two unknown variables: the moisture concentration
M and the water potentialψ . In order to solve the equations, knowledge of the relationship
betweenM andψ at a specific temperature is required.

It is simplistic to assume one value ofk for each type of root crop. The periderm (for
roots and tubers) and dried outer leafs (for bulbs), which function as physical barriers
against dehydratation, have much smaller moisture conductivities than the rest of the
root crop and should be taken into account when applying the model.

2.1.4 Heat Transfer of Root Products

It has been mentioned that the product temperature influences the metabolic processes
of respiration and transpiration. As a consequence, the temperature history of the product
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affects the quality of the product after storage. One of the most important steps after
harvest is the removal of heat stored in the product. Indeed, at harvest time the product
is at a temperature at which the respiration rate is high and the quality degrades rapidly.
Although one could consider modeling the simultaneous heat and mass transfer inside
the product, it may be more adequate to uncouple these two phenomena and address
heat transfer separately. Heat transfer inside the product can be described by the Fourier
equation, a partial-differential equation involving the change in heat content as a function
of temperature and heat generation [27]:

ρpcp
∂Tp

∂t
= ∇(kp∇Tp)+ qresp (2.16)

Tp(x, y, z, t) = Tp,ini (x, y, z) at t = t0 (2.17)

whereρp is the product density (kg m−3), cp the specific heat capacity, (J kg−1 ◦C−1),
kp the thermal conductivity (W m−1 ◦C−1), Tp the temperature (◦C), Tp,ini the initial
temperature (◦C), t time (s),t0 initial time (s),x, y, andz Cartesian coordinates (m), and
qresp the volumetric specific respiration rate (W m−3). Also:

qresp= ρpQresp

3600
(2.18)

whereQresp is the specific respiration rate (J hr−1kg−1).
In order to obtain the temperature distribution inside the root product as a function of

time, the boundary conditions describing the energy transfer at the product surface0s

should be specified.
The different terms in the boundary conditions can be heat transfer by radiation (qrad),

either absorbed or released to the surroundings:

qrad= εσ
(
T4

s − T4
w

)
(2.19)

whereε is the emissivity,σ the Stefan-Boltzmann constant (W m−2 ◦C−4), Ts the surface
temperature (◦C), andTw the surrounding temperature; heat lost or gained by convection:

qconv= h(Ts − Ta) (2.20)

whereh is the surface heat transfer coefficient (W m−2 ◦C−1), Ts the surface temperature
(◦C), andTa the ambient (air) temperature.

Heat lost or gained as latent heat of evaporation or condensation:

qevap= ṁw(cmTs − cvTa − h f g) (2.21)

whereṁw is the moisture loss per unit surface (kg s−1m−2), hf g the latent heat of va-
porization of water (J kg−1), cm the specific heat capacity of the moisture in the product
(J kg−1 ◦C−1), Ts the surface temperature (◦C), cv the specific heat capacity of the vapor
in the air (J kg−1 ◦C−1), andTa the ambient (air) temperature (◦C); or heat lost or gained
by conduction to other units or to the side walls of the container or of the storage room:

qcond= −kcont
∂Tcont

∂n

∣∣∣∣
at contact point

(2.22)
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Table 2.3. Thermal conductivity of some root crops

Water Apparent Thermal
Fraction Density Temperature Conductivity

(wet basis) (kg m−3) (◦C) (Wm−1K−1)

Potato 0.763 1127 40.0 0.410
Potato 0.763 1117 50.0 0.470
Potato 0.763 1121 60.0 0.460
Potato 0.763 1105 70.0 0.510
Potato 0.763 1107 80.0 0.560
Potato 0.763 1103 90.0 0.560
Potato 0.788 1166 50.0 0.510
Potato 0.763 1115 — 0.470
Potato 0.754 1139 — 0.410
Potato 0.723 1088 — 0.360
Potato 0.835 — 25.0 0.563
Potato 0.835 — 75.0 0.622
Potato 0.835 — 105.0 0.639
Potato 0.835 — 130.0 0.641
Onion 0.873 970 28.0 0.574
Beet (Red, Detroit) 0.895 1530 28.0 0.601
Carrot (Danver) 0.900 1040 28.0 0.605
Carrot 0.923 — 25.0 0.571
Carrot 0.923 — 70.0 0.620
Carrot 0.923 — 105.0 0.649
Carrot 0.923 — 130.0 0.664

Adapted from [11].

wherekcont is the wall thermal conductivity (W m−1 ◦C−1), Tcont the wall temperature
(◦C) andn the outward normal to the surface.

The thermal conductivity of some root products is given in Table 2.3. The data are
based mainly on experiments [11]. It is possible to approximate the values of these
properties for a given product if the chemical composition of the product is known [12].

For simple geometry and linear boundary conditions, the analytical solution of the
heat-transfer equation (2.16) is available and can be found in textbooks on heat transfer
[13–16]. In general, root crops are complex-shaped products with temperature-dependent
material properties (ρp, kp, cp) and are subjected to nonlinear or time-varying process
conditions. No analytical solutions are available for such complicated heat-transfer pro-
cesses, and an approximate solution technique becomes mandatory. In practice, a numer-
ical solution of the heat equation (2.16) can be obtained by means of finite-difference or
finite-element methods. Several finite-difference or finite-element computer programs
are available commercially and on the World Wide Web or can be found in the scien-
tific literature. When considering heat transfer problems with complex-shaped products
and complex boundary conditions, the finite-element method is better suited and more
advised [17–19].

As an example, the cooling of a carrot is considered. The modeling procedure requires
a geometrical description of the carrot in terms of geometric primitives such as keypoints,
lines, areas, and volumes.
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Figure 2.5. Geometrical model of a carrot,
constructed by use of computer

vision tools [20].

Figure 2.6. Finite-element mesh of a
cross-section of a carrot.

In mechanical- and civil-engineering applications a geometrical model of the structure
to be analyzed is usually available as a computer-aided design, and it can be imported
directly in the finite element software. For agricultural, biological, and food materials
such geometrical models are not available and must be defined manually, which can
be complicated because of the complex shape and shape variability. As a consequence,
often a simplified geometrical model of the object is used and many important details are
lost. Computer vision is a powerful and challenging tool to overcome these difficulties.
In Fig. 2.5 a geometrical model of a carrot is shown, which was constructed by use
of computer-vision tools [28]. A finite-element mesh of a cross-section of that carrot
is shown in Fig. 2.6. The global finite-element grid consist of 3761 nodes and 2112
quadratic isoparametric tetrahedral elements.

For the simulations, the thermophysical properties of the carrot were used [21]. The
initial temperature and the heat transfer coefficient were set at 20◦C and 20 W m−2 ◦C−1,
respectively. The ambient temperature was assumed to fluctuate between 0 and 4◦C.

In Fig. 2.7 the computed time-temperature profiles at different locations in a carrot
under fluctuating ambient temperature conditions are outlined. The finite-element tech-
nique offers a powerful tool for the investigation of heat transfer of root products and
for the optimization of the design and control of cooling systems.
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Figure 2.7. Time-temperature profiles for the cooling of a carrot at different
locations. A, ambient temperature; B, coldest points; C, warmest point.

2.1.5 Modeling Heat and Moisture Transfer in Forced Convection
Bulk-Product Storage

In the previous paragraphs considerable attention was given to heat and mass trans-
fer within individual root particles and to the relation of heat and mass transfer with
metabolic processes. In this subsection, the bulk product in a container or in a storage
room is considered. Therefore, the airflow and the heat and mass exchange between
the products and the surrounding air must be taken into account. The modeling helps
to understand the effects of storage size and shape or dimensions of containers on the
temperature and moisture distribution (and product quality) at different locations in the
store. A one-dimensional approach is given here in the hope that this will encourage
the reader to further explore the modeling process to improve the understanding of the
interaction between physical and physiological processes occurring during product stor-
age. It will become clear that the model development is based on the heat and mass
transfer equations derived in previous paragraphs for individual roots or tubers.

Several approaches have been published for modeling the cooling in bulk stored prod-
ucts in order to forecast the temperature and moisture evolution in the stack and the indi-
vidual products. These models have some similarity with the models developed for grain
drying, but some important differences exist. The most extensive model representation
[22] involves a two-phase model with internal temperature gradients for the solid phase,
that is, for the product. Evaporative heat losses at the surface and internal heat generation
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Figure 2.8. Schematic
representation of a

one-dimensional cooling of root
products.

with linear temperature dependence are included, although a nonlinear model would be
more appropriate. Moisture loss is described with the two-term model including conden-
sation on the product. Heat conduction from product to product is considered negligible.
The use of moisture gradients inside the product often is deemed unnecessary during cool-
ing of bulk-stored produce because of the high moisture content and the low moisture loss.

In the subsequent paragraphs, a model for cooling of bulk stored products is presented.
It does not include airflow by natural convection, although natural convection may play
an important role in the temperature and moisture distribution in the store. Modeling of
natural convection is discussed later.

If the individual root-crop particles are relatively small compared to the stack height,
a differential equation or continuum approach can be used for a 1-m2 cross-section of
the stack. A schematic representation is given in Fig. 2.8.

The stack is composed of product (subscriptp) and of air (subscripta). The product
temperature,

Tp = T(Xi , xi , t), (2.23)

can vary with the positionXi in the stack and also inside a single particle (xi ). For the heat
exchange with the air flowing through the stack, only the particle surface temperatureTs

is needed. The surface heat transfer contributes a boundary condition for the intraparticle
heat transfer.

The number of particlesnp in a differential volume,

1V = A1x = 11x, (2.24)

is equal to

np = (1− ε)1V/Vp,av (2.25)

whereε is the stack porosity andVp,av is the average single particle volume. The heat
and moisture transfer taking place between the product and the air inside a differential
element is proportional to the particle surface inside the element. This is given by the
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number of particles (np) multiplied by the average particle surface areaSp,av:

1Ap = npSp,av (2.26)

The velocityva of the air in the stack is a function of the porosity and of the entrance air
velocityv∗a:

va = v∗a/ε. (2.27)

With this velocityva, the average surface heat transferhav and air film mass-transfer
coefficientka can be calculated. The temperature and moisture content of the air changes
with time and place as a result of the transport processes at the particle surface:

ρava
∂Ma

∂X
+ ρa

∂Ma

∂X
= rv (2.28)

va
∂Ta

∂X
+ ∂Ta

∂t
= −hav1Ap(Ta − Ts)− rvcv(Ta − Tv)

ρa(ca + cvH )
(2.29)

whereTa is the air temperature (◦C), Tv the mean evaporation temperature for water
(◦C),U the moisture content of the air or absolute humidity (kg kg−1), ρa the air density
(kg·m−3), ca the specific heat capacity of dry air (J kg−1 ◦C−1), cv the specific heat
capacity of moisture in the air (J kg−1 ◦C−1), cp the specific heat capacity of the product
(J kg−1 ◦C−1), andh f g the latent heat of vaporization of water (J kg−1).

The right-hand side of Eq. (2.28) is the moisture loss of the product:

rv = 1Apkt (Ps − Pa) = ṁw1Ap (2.30)

wherePs (N m−2) is the surface vapor pressure andPa the air vapor pressure (N m−2).
Note that the mean temperature for evaporation of waterTv can be either the air temper-
atureTa, the product surface temperatureTs, or the average ofTa andTs.

The water-vapor pressure can be calculated from the humidity ratio and the air tem-
perature [23]:

Pa = Pa(M, T) (2.31)

What remains to be calculated are the product surface temperatureTs and the surface
vapor pressurePs. If one neglects moisture gradients inside the root particle, thenPs can
be considered to be the saturated vapor pressure at the product surface temperatureTs.
Some modifications may be needed because dissolved substances, such as sugars, cause
a vapor-pressure lowering effect on the product surface.

If substantial internal moisture migration occurs, the partial-differential equation for
moisture transfer inside the product must be solved for an average particle inside the dif-
ferential volume (see the paragraph on water movement in products). These calculations
require a considerable amount of computational effort.

The product surface temperatureTs in Eq. (2.29) is obtained from the solution of the
Fourier equation for heat transfer inside the product particle at locationX. The boundary
conditions consist of the heat transfer by convection and the product heat loss caused by
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evaporation:

−k
∂T

∂x

∣∣∣∣
s

= h(Ts − Ta)+ ṁw(cmTs − cvTa − h f g) (2.32)

whereTs is the product surface temperature. At the top of the stack it may be required
to include the radiation boundary conditions. Note that the heat-transfer calculation
inside a particle requires considerable computational effort, as it must be executed at
each location for each time step. In addition, the internal particle temperature must be
recorded for each location. The changing air temperatureTa means that the boundary
conditions are dependent on time and place. Nevertheless, this additional effort provides
a more realistic product time–temperature history.

From the metabolic processes, an assessment can be made of the product quality
change during storage. The quality evolution may vary considerably with the location in
the stack.

2.1.6 Natural Convection inside Stores

Heat produced by the product and heat losses through the sidewalls or the top of the
stack induce temperature differences in the air. This gives rise to natural convection.
Differences between water-vapor concentrations in the air inside and outside the stack
or even within the stack itself cause density differences in the air, resulting in natural
convection.

Natural convection in closed moist porous media causes heat and moisture transfer
and sometimes leads to local areas of condensation, resulting in product spoilage. Natural
convection is difficult to control, because the outside temperature can vary from one wall
to another and also changes with time.

Modeling natural convection inside stores containing agricultural products has re-
ceived some attention [6, 24]. The computational complexity is a major hindrance.
Recently, some progress has been made in computational fluid dynamics, and improved
modeling can be expected for heat and mass transfers by natural convection inside stores
of agricultural products.

A simplified approach is to derive a model for the “superficial” natural-convection
velocity of the airvNC in the stack (this is not known a priori). The equation can then
be coupled to a system of equations as described above. The velocity must be obtained
from information regarding the effect of the density changes resulting from heating or
moisture changes in the bulk. In a one-dimensional quasistatic analysis, the following
relation is obtained [6]:

vNC = − κ
µ

(
dP

dX
+ ρg

)
. (2.33)

Equation (2.33) results from the linear conservation equation of momentum, in which
the inertia term is neglected due to the small velocity. The viscous term is replaced by
the Darcy approximation.

Assuming a linear variation of the density with temperature and water-vapor concen-
trationC, and given that the pressure drop over the bulk is caused by the weight of the
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Figure 2.9. Simple one-dimensional natural-convection
analysis with pervious top and bottom.

air only (Fig. 2.9), the natural-convection velocity becomes

vNC = κ

µ
ρ0g(βT (T − T0)− βC(C − C0)) (2.34)

where the index 0 refers to the reference conditions, such as the outside air.
The permeabilityκ, resulting from Darcy’s law, can be obtained from a model of

the pressure drop in a porous medium or packed bed. It is constant for very low fluid
velocities. A velocity-dependent permeability has been proposed by several authors
[25, 26]. The following modified Ergun equation produces good results:

κ = ε3d2
p

K (1− ε)(150[1− ε] + 1.75Re)
(2.35)

wheredp is the mean particle diameter andRe the Reynolds number. To obtain the
velocity, the expression can be evaluated using the average temperature and concentration
distributions in the system. In the next time step, the velocity can be used to calculate
the new temperature and concentration distribution. The previously mentioned formula
limit the analysis to the simple case of unidirectional, convective transport, restricting
the applicability of the model in real cases. It can be applied to two-dimensional cases,
when the diffusion occurs radially only [6], making it possible to evaluate the effect
of heat losses through the walls. A vector notation of the expression in Eq. (2.34) and
the full-energy equation can be used to model the three-dimensional natural convection
flow [6]:

EvNC = − κ
µ

(∇P − ρ0Eg(1− βT (T − T0)− βC(C − C0))) (2.36)
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The coupled set of equations can be solved to obtain the velocity, the temperature, and
the moisture concentration at each location in the store for each time step. The numerical
solution consumes much computer time. However, internal currents in the stack can be
calculated so that more complex conditions can be investigated.

Recent advances in the development of flexible and user-friendly fluid-dynamics
software packages and the increasing power of computers have opened the gate for
future developments in this area. Powerful solution algorithms in combination with high-
order finite-volume or finite-element discretization schemes are provided for the accurate
numerical solution of the system of fluid-flow, energy, and mass-transport equations.
When the full system of conservation equations (for forced as well as natural convection)
can be applied to the entire store and its immediate surroundings, the restriction to
simplified geometries and boundary conditions is no longer a hurdle, and an improved
understanding of transport processes and consequent quality changes in the bulk storage
of root crops becomes possible.

2.1.7 Quality Standards for Root Crops

Transport processes and physiological changes affect the quality of the root crop.
Furthermore, mechanical impacts may injure the crop. Also, diseases can considerably
reduce the value of a stored crop. The chemical and physiological mechanisms of the
quality changes are beyond the scope of this section. Quality is described from
the viewpoint of the consumer, and the standards for quality control are a result of
the increased competition on the international market for agricultural products.

The quality of root-crop products is generally evaluated similarly to other fruit and
vegetables. Thus, external properties such as appearance, shape, and size are consid-
ered primarily, while only limited specifications are given concerning internal quality.
Government standards specify minimal requirements (e.g., in the European Union, see
Table 2.4) and give a classification to distinguish tolerable defects (e.g., onion classifi-
cation in Belgium, Table 2.5).

It is clear that some of these requirements are rather arbitrary and subject to different
interpretations. Therefore, international regulations are continuously being amended
to obtain a more uniform interpretation of the standards. Furthermore, traders and

Table 2.4. General minimum quality
requirements for root crops

Product without damage
Free of spoilage symptoms
No parasites
Free of foreign material
Healthy
No strange smell or taste
No excessive moisture on the outside
Product condition and package can guarantee

product quality up to destination point

Source: [27].
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Table 2.5. Classification of onions

Class I
Onions of good quality
Color and shape are characteristic for the variety
Firm
Not sprouted
Without hollow stem
Free of thickenings due to abnormal growth
Free of root remainders

Class II
As class I, but with the following tolerable defects:

Sufficiently firm
Traces of friction
Small indications of decay
Small healed bruises that are not detrimental

for the shelf life
Small healed cracks
Aberrant shape and color
Starting sprout

Class III
As class II, but with the following tolerable defects:

Root remainders
Beginning of sprout for up to 20% of onions

in a package unit
Bruises not detrimental for the shelf life

Source: [28].

distributors have a tendency to use more stringent quality requirements to distinguish
within the official classes of specific products.
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2.2 Storage of Potatoes
A. van’t Ooster

2.2.1 Solanum tuberosum[1]

The common potato (Solanum tuberosum) is one of around 150 tuber-bearing species
of the genusSolanum(family Solanaceae). The potato, considered by most botanists a
native of the Peruvian–Bolivian Andes, is one of the world’s main food crops, differing
from others in that the edible part of the plant is a tuber.

Underground the stems extend into structures calledstolons. The ends of the stolons
may enlarge greatly to form a few to more than 20 tubers, of variable shape and size,
usually ranging in weight up to 300 g but occasionally to more than 1.5 kg per tuber.
The tubers bear spirally arranged buds (eyes) in the axils of aborted leaves, of which
scars remain. These buds may remain dormant after the tuber is fully grown, even under
conditions favorable to development, for up to 10 weeks or more. They grow into plants
identical to the plant that bore the tubers. Vegetative propagation of desired genetical
characteristics is thus possible, and this method is always used commercially because of
the great variation that results when plants are grown from true seed.

2.2.2 History of the Potato [1]

The potatoes cultivated in South America as early as 1800 years ago probably con-
sisted of a mixture of varieties; in the same area today, as many as 60 varieties may be
distinguished in a single village market. Encountered by the invading Spaniards, potatoes
were introduced into Europe during the second half of the 16th century. By the end of the
17th century the newcomer was a major crop in Ireland, and by the end of the 18th it was
a major crop in continental Europe, particularly Germany, and in the west of England.
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Figure 2.10. Countries with highest average yield per hectare. (Source: [1])

It continued to spread, in both Western and Eastern hemispheres, during the first four
decades of the 19th century, but the disastrous failures of the Irish crops in the mid–19th
century (especially in 1846 and 1848), because of late blight (Phytophthora infestans),
and the ensuing famine led to a more cautious attitude towards dependence on it.

2.2.3 Potato Production

Table 2.6 and Fig. 2.10 give an impression of today’s potato production in the world.
Potatoes frequently are served whole or mashed as a cooked vegetable and also are
ground into potato flour, used in baking and as a thickener for sauces. Potatoes are highly
digestible. They also supply vitamin C, amino acids, protein, thiamin, and nicotinic acid.
Potato product groups are seed potatoes; consumer potatoes, fresh and processed (fries
and chips); and potatoes for industrial processing (starch and derivatives). Fig. 2.11 given
an example ofquantitative distribution over these product groups.

The product variety of potato products and derivatives grows steadily. In 1995 the
world’s production was 629,258,000 metric tons per year, which is a gross average of
109 kg per world inhabitant (5.75 billion people) [2]. These figures are not precise
because potato-specific data are not available.

2.2.4 Importance of Product Storage

The main objectives of storage are future consumption, future processing, and main-
tenance of seed reserve. It allows a better use of processing capacity, better tuning of
production and consumption, and better quality of seed potatoes.

Arable products such as potatoes belong to the group of semiperishable goods, that
is, product with a high natural moisture content. These products are more sensitive to
quality loss than cereals because conservation using drying techniques cannot be applied.
Loss of moisture leads to (severe) quality loss and finally to nonmarketable produce. The
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Table 2.6. Production level of roots and tubers (potatoes and cassava)
in countries with a national production over one

million metric tons per year

Country Production (×1000 metric ton) Yield (kg/ha)

Angola 1943 4396
Argentina 2410 19,195
Australia 1154 26,784
Bangladesh 1864 26,795
Belarus 8570 11,427
Belgium 2100 40,385
Benin 2447 9211
Bolivia 1004 5580
Brazil 29,009 12,963
Burundi 1326 6395
Cameroon 2080 5794
Canada 3774 26,273
China 152,813 15,342
Colombia 5164 12,926
Côte d’Ivoire 4761 5792
Czech Republic 1330 17,082
Denmark 1480 37,000
Egypt 1734 21,603
Ethiopia 2018 3679
France 5754 33,717
Germany 10,382 30,010
Ghana 10,382 11,339
Hungary 1151 16,262
India 26,300 16,386
Indonesia 18,603 11,790
Iran 3200 20,644
Italy 2076 23,281
Japan 5157 26,651
Kazakstan 1950 9142
Kenya 1685 8101
Korea, North 2050 12,059
Lithuania 1594 13,279
Madagascar 3375 6874
Mexico 1252 18,312
Mozambique 4310 4304
Netherlands 7363 41,002
Nigeria 56,006 10,613
Pakistan 1497 14,471
Papua New Guinea 1267 7073
Paraguay 2708 14,442
Peru 3369 9292
Philippines 22,820 6784
Poland 24,891 16,351
Portugal 1477 14,937
Romania 3020 12,080

(cont.)
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Table 2.6. (Continued)

Country Production (×1000 metric ton) Yield (kg/ha)

Russia 37,300 10,941
Rwanda 1477 6864
South Africa 1524 21,925
Spain 4219 19,834
Sweden 1074 30,679
Tanzania 6670 7448
Thailand 18,382 13,995
Turkey 4750 24,356
Uganda 5246 5861
Ukraine 14,729 9621
United Kingdom 6445 39,405
United States 20,764 35,131
Vietnam 5077 7351
Zaire 18,358 8101
Other Countries 32,623

World 629,258

Source: [2].

risk of unacceptable moisture loss, disease spread, mold infections, and insect pests is
obvious. Low storage temperature, high relative humidity, and control of air composition
are the main conservation factors for this group of products. To guarantee a top-quality
product, storage conditions must be well controlled; however, the market value does not
allow full air conditioning. The storage should minimize physiological losses and losses
due to mechanical damage. In tropical climates damage can originate from insects, like
tubermoth, as well [5].

Figure 2.11. Dutch example of the destination of the potato
production. Sources: [3, 4]



     

96 Root Crops

Figure 2.12. Overview of storage systems for potatoes.

2.2.5 Systems for Potato Storage

Systems used for potato storage all over the world are characterized in Fig. 2.12.
We distinguish underground storage (extended harvest), storage without buildings in
clamps, and storage in buildings [6]. Clamps predominantly are ventilated naturally.
For storage in buildings mechanical ventilation prevails. Only the group storage in
special-purpose stores with a mechanical ventilation system is discussed in more de-
tail here.

We distinguish among bulk storage, storage in crates, and storage in sacks. Stores
can be mechanically ventilated or naturally ventilated. Bulk storage can be vertically or
horizontally ventilated (Fig. 2.13). Horizontal ventilation sometimes is applied to store
potatoes for industrial processing. It is an underpressure system.

The aeration system is less complicated and cheaper, because an air-distribution sys-
tem can be omitted. Although total airflow, for equal storage capacity, is the same for
horizontally and vertically ventilated bulk stores, both airflow in the bulk, that is, the
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Figure 2.13. Schematic cross sectional view of vertically (a) and horizontally (b) ventilated
potato stacks.

average air velocity in the bulk, and the pressure head are generally higher in horizontally
ventilated bulk stores then in vertically ventilated bulk stores. Vertically ventilated bulk
stores are generally designed as overpressure systems. This storage type holds the ma-
jority of today’s potato harvest in the Western countries.

Risks and problems with bulk stores are [7]:
• A bulk height of 4 m ormore can cause quality deterioration by bruising and black

spots.
• Drying and cooling are not always fast enough, thus possibly causing weight and

quality loss (soft rot, pathogen diseases).
• Separated storage of different lots, races, and selections, as is common with seed

potatoes, is difficult.
• To prevent black spots induced by product handling, potato temperature must be

12◦C or higher for sorting, packing, and transport operations. Bulk stores do not
allow partial heating of a stored bulk.

For seed potatoes and potatoes for fresh consumption, crate storage in standard,
1-metric-ton crates can be interesting. Different varieties and lots can easily be man-
aged for intermediate checking or handling. The effective stack height is the height of
one box. Appropriate box sizes are (l × w × h =) 1.10× 1.40× 1.24 m. With crate
storage drying can progress faster, resulting in a smaller chance of diseases and bruises.
A better product quality may result. The “flow-along system” sends practically all ven-
tilation air alongside of the crate, while the “flow-through system” forces ventilation air
through the crates, thus showing a more effective use of the ventilation air, because heat
and moisture exchange occur directly at the tuber’s surface. The crates have closed side
walls and a closed pallet bottom (Fig. 2.14). The crate floor is perforated to allow air to
flow through.

The pallet bottom functions as an aeration channel (Fig. 2.15A). Stack height is up
to five crates. A variant of single-layer aeration is double-layer aeration, in which every
second pallet bottom is an air-input channel and every other (odd numbers) functions as
an air-output channel (Fig. 2.15B).
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Figure 2.14. Crate storage system with flow-through ventilation system. (Source: [7])

Figure 2.15. Single-layer aeration (A) and double-layer aeration (B) in crate storage systems.
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Stack height is normally four crates. The distance between crate rows should at least
be 10 cm. The flow-through system can be used for any potato type. To allow a reasonable
air distribution rows should not be longer then nine crates for single-layer aeration and
not longer then five crates for double-layer aeration.

The flow-along system is only suitable for dry and sorted potatoes. The crates should
have open walls and floors and should be placed in rows of no more then 15 m. The
distance between crate rows and between the outer crate rows and storage side walls
should be at least 100 mm. At the fan side and at the opposite side in the length direction
of the rows the minimal distance between crates and storage side wall should be 300 mm.
Air coolers, ceiling channels, or vertical aeration tubes must allow equal distribution of
ventilation air over the top layer (Fig. 2.16).

Storage in bags is only used for seed potatoes. Bags are piled up to heights of up
to 5 m.

Storage Design
Thermal insulation of a store is necessary for proper control of the storage conditions.

Free heat exchange between the storage room and the outdoor environment is then
limited, and surface condensation on walls or ceilings can be prevented or strongly
limited [8]. Not only is the insulation level of the materials used important, but also the
attachment and design of joints are very important. Generally used insulation materials
are polystyrene, polyurethane (plates or sprayed at location), and mineral wool. Materials
differ in physical properties, such as density, heat conductance, vapor barrier and price.

The storage must be insulated in such a way that excessive heat losses in cold periods
and excessive heat gains in warm periods as well as inner-surface condensation in cold
periods are prevented. Generally for cold periods a U-value or heat-conductivity co-
efficient of 0.30 W·m−2·K−1 is suggested; for longer storage periods without use of
mechanical cooling, 0.25 W·m−2·K−1 is suggested; and if mechanical cooling is ap-
plied 0.20 W·m−2·K−1 for ceilings, 0.25 W·m−2·K−1 for walls, and 0.50 W·m−2·K−1

for floors are suggested [9]. Solar heat loads on the roof can be minimized using re-
flective materials or a naturally aerated cavity or attic between roof cover and insulated
ceiling.

Generally one should choose vapor barriers on the inside as well as on the outside of
the insulation layer to prevent internal condensation in the insulation layer. This need
for vapor barriers is dependent, however, on the external climate and the duration of the
storage period. The building hood not only influences heat and moisture transport but
also the exchange of oxygen and carbon dioxide.

Condensation on the building hood can be prevented by
• Decreasing the temperature difference between the inner surface of the building

component and the air in the indoor airspace (that is the storage room). Prevent
or insulate thermal bridges and choose a low U-value for building components.
Another option is to install recirculating fans over the potato bulk to increase air
movement and heat exchange between room air and building hood (Fig. 2.17).

• Decreasing the humidity ratio (kg vapor per kg dry air) in the air of the indoor
airspace. This can be achieved by placing a moisture-absorbent layer on top of the
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Figure 2.16. Crate storage system with flow along ventilation system.

potato bulk, or installing an anticondensation fan in the wall of the storage room in
order to decrease humidity in times during which condensation risk is too high.

2.2.6 Phases in the Storage Period

In storage process we can distinguish among the following phases:
I. Drying of wet product or removal of free water

II. Suberization or wound healing (curing)
III. Gradual cooling down to storage temperature
IV. Long-term storage or holding period
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Figure 2.17. Fans recirculating storage-room air.

V. Heating up
VI. Reconditioning

Removal of Free Water
During drying the temperature of the potatoes should be between 12 and 20◦C. The

upper limit may not be exceeded to prevent sprouting and to minimize the chance on
oxygen shortage in the tubers. Drying can be done with outdoor air or with preheated air.
In the first case the temperature of the ventilation air and the potatoes do not differ much.
The air is only suitable for drying if there is a positive vapor-pressure deficit, that is, the
vapor pressure in the ventilation air is lower than the equilibrium vapor pressure at the
potato’s outer surface. Generally this is reached when ventilation air temperature is equal
to or slightly lower then potato temperature, and relative humidity of the ventilation air
is lower than 92% to 95%.

In the case of drying with preheated air, ventilation air temperature is considerably
higher than potato temperature, mostly as a result of preheating. There is only a drying
effect if there is a positive vapor-pressure deficit, so relative humidity of the drying air
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should be relatively low. When ventilation is done with this warm air, the ventilation air
will cool. The energy set free is used to speed up the evaporation process. Remaining
energy heats the potato bulk. When ventilation air cools below dewpoint, condensation
in the potato stack results. This should be prevented.

Suberization or Wound Healing (Curing)
Potato tubers are subject to different degrees of damage during harvest, lifting,

transport, transfer and storage, which can result in black spots and other quality losses.
Moisture loss and liability to parasitic attack of wounded tubers is by far greater in
comparison with undamaged tubers. The capability and recovery time of an injured
potato to heal depends on variety, maturity of tuber, physiological state, and storage
conditions. Influencing storage conditions can be identified as temperature, relative hu-
midity, presence of sprout inhibitors, and O2 and CO2 concentrations. Wound healing is
more rapid at higher temperatures. Wound-induced suberization and periderm formation
occur most rapidly at 25◦C and stop at a temperature of 35◦C or temperatures below 5◦C.
Also, a higher relative humidity speeds up wound healing; however, condensation on the
tubers or dry outer cell layers in the periderm slows down wound healing. Wound healing
does not occur under anaerobic conditions, or more precisely at oxygen concentrations
below 3% to 5%. High carbon-dioxide concentrations (5% to 15%) inhibit periderm for-
mation also if oxygen concentrations are higher than 21% minus the CO2 concentration
(expressed as a volume percentage). Sprout-inhibitor application should be delayed to
ensure formation of continuous wound periderm. If relative humidity is 80% to 95% and
oxygen concentrations as close to 21% as possible and carbon-dioxide concentrations
under 5%, the progress of the suberization process is measurable by counting degree
days. Reference [10] gives a standard of 150 degree days to complete the process. The
degree days are calculated as:

n∑
i=1

(Tpotato− 5)≥ 150 (2.37)

whereTpotato is the average potato temperature in the bulk. Potato temperatures higher
than 20◦C should be prevented. If the potato bulk shows severe damage, the required
number of degree days can be increased. A numeric relation between degree of damage
and required degree days is not available.

Cooling Down to Storage Temperature
Potatoes must be cooled to storage temperature. Both stored heat in the bulk (3600

J·kg−1K−1) and respiration heat (1000–4200 J·kg−1d−1 [11]) must be removed. In this
phase the largest cooling capacity is needed to allow a fast decrease of temperature.
Dependent on external climate, this can be achieved with outdoor air, optionally in
combination with fixed or mobile mechanical cooling installations. In hot climates the
use of cooling systems is inevitable. Cooling air with low enthalpy has the highest
cooling capacity; however, a low humidity results in unacceptable moisture loss. Vapor
deficit between potato and ventilation air should be limited or a lower limit to relative
humidity of the ventilation air should be set (controller function). For example, 60%.
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The ratio between heat loss and moisture loss can serve as an index number to guide this
process:

Q

M
= α

Gv

∂T

∂C
+ r (2.38)

where
Q=heat loss per cubic meter [W·m−3]
M =moisture loss per cubic meter [kg·s−1m−3]
∂T = local temperature difference between potato and ventilation air [K]
∂C= local absolute humidity difference between potato and ventilation air

[kg·m−3]
r =evaporation heat of water [J·kg−1]

The heat-transfer coefficient (α) and moisture transfer coefficient (Gv = δ/r ; δ is de-
scribed in Eq. (2.47)) are dependent on the ventilation rate. At airflow rates used in
practice for mechanically ventilated stores, ventilation flows are approximately constant
for given stacks and fans in operations. The ratio between energy loss and moisture loss
(Q/M) then only depends on∂T/∂C. Strong temperature variation in the stack should
be avoided to keep the potatoes dormant.

Long-term Storage or Holding Period
During storage, weight and quality loss should be minimized. Storage losses are

determined mainly by potato condition, storage conditions, and duration of the storage
period. Weight losses are caused by
• Respiration
• Evaporation of inter- or intracellular moisture from the potato
• Sprouting
• Storage diseases

By means of respiration the potato releases the required energy for its life processes.
The respiration process converts carbohydrates (and oxygen) into carbonic acid, water
and energy (2825 kJ·mol−1 carbohydrates). The carbohydrates result from perpetual
conversions of starch, which is a reversible chemical reaction controlled by enzymes
and temperature. Respiration is minimal at 5◦C, slowly increases until 15◦C, and has a
stronger increase at higher temperatures. Below 3◦C respiration increases to be equal to
that at 20◦C at the freezing point. Respiration results in loss of dry matter, although these
losses in well-designed stores seldom exceed 1.5% of the original fresh weight; however,
this represents about 6% of the total dry material [11]. Indirectly, respiration causes more
weight loss due to moisture removal as an effect of ventilation that was necessary to
remove respiration heat load. Advised storage temperatures are given in Table 2.7.

Respiration rate is a function of environmental factors such as storage temperature
(Table 2.8), humidity, potato volatiles, sprout inhibitors, and carbon dioxide and oxy-
gen concentrations of the air. High humidity and sprout inhibitors decrease respira-
tion rate. Figures on respiration rate are given in terms of heat production (W·m−3,
W·metricton−1, or kJ·metricton−1d−1) or in terms of carbon-dioxide production (1 mole
per 470.8 kJ). Literature shows considerable variation concerning respiration heat pro-
duction [13, 14].
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Table 2.7. Advised storage temperatures for potatoes
(in degrees Celcius)

Potato Destination Storage Temperature

Seed potatoes 2–4
Consumer potatoes 4–5
French fry\dried products 5–8
Chip industry 7–10
Starch and derivatives 6

Source: [12].

Table 2.8. Respiration heat production of stored potatoes

4◦C 6◦C 8◦C 10◦C 14◦C 20◦C

Respiration heat (W·ton−1) 18 19 21 22 25 31

Source: [14].

Respiration of a sprouting potato is about four times as high as that of a dormant potato.
Sprouts also significantly increase evaporation of moisture from the potato. Sprouting can
be prevented at a storage temperature of 2 to 4◦C or by applying sprout inhibitor. The gen-
erally used sprout inhibitor chemical is CIPC (isopropyl-N-[3-chlorophenyl]carbonate).
This chemical controls the sprouting of consumer and processing potatoes which nor-
mally occurs 2 to 3 months after harvest. The duration of the dormancy period is strongly
influenced by the storage temperature level and variations. CIPC is volatilized and dis-
trubuted through the ventilation system after suberization and cool-down have been
completed. It is not advisable to use the same store subsequently for seed potatoes as
well, but if this is the case, all exposed structural surfaces and air contact surfaces should
be thoroughly steam-cleaned.

Quality losses during this period are caused by
• Evaporation of water
• Change in the chemical composition
• Spreading of disease
• Damage from extreme temperatures

Product quality is greatly influenced by the history of the potato lot prior to storage.
Quality is discussed further in Section 2.2.11).

Heating Up
Before delivery potatoes are heated, because at relatively low temperatures they are

susceptible to black spot when handled. Dependent on the sensitivity of the variety, the
temperature should be raised to 12 to 20◦C (low-risk temperature range) or better to 15
to 18◦C (safe temperature range). Temperatures over 20◦C should be avoided to prevent
black hearts. Heating can be done with the existing ventilation system, outside air or in
colder climates gas or diesel heaters.



              

Storage of Potatoes 105

Figure 2.18. Division of potato stack and store in finite elements. (Source: [15])

Reconditioning
A considerable sugar accumulation, also calledsweetening, occurs in tubers stored

below 7◦C. Reconditioning for several weeks at a temperature of 18 to 20◦C can reduce
the sugar content. This is especially important for industrially processed potatoes and
chip potatoes in particular. Reconditioning can improve the baking quality, which is
indicated by the color index number (discussed in Section 2.2.11).

2.2.7 Physical-Transport Phenomena in Potato Stack

In order to describe the temperature and moisture conduct of potato stacks, all trans-
port processes within stack and storage room must be expressed in distributed dynamic
balance equations. The potato stack can be divided into finite elements that describe
nodes for potato temperature, air temperature, air humidity (Fig. 2.18).

For each node an energy or moisture balance is generated, using a finite-element
method. An energy balance gives the energy storage in a node point as the sum of the
heat production and the heat gains minus the heat sinks (both latent and sensible).

Three balance equations for each potato element are needed:
1. Heat balance of the potatoes:

α1
∂Tp

∂t
= α2

∂2Tp

∂x2
+ α3Ta − (α3+ δα6− α7)Tp + (γ − βδ)+ δCa (2.39)
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2. Heat balance for air inside potato stack:

α4

α3

∂T1

∂x
= Ta − T1 (2.40)

3. Moisture balance for air inside a potato stack:

α5

δ

∂Ca

∂x
= (α6Tp + β)− Ca (2.41)

where
Tp=potato temperature (◦C)
Ta=air temperature (◦C)
Ca= vapor concentration in air (kg·m−3)
β = intercept of linearizedCmax (ms−1)

Cmax=Ca at saturation (ms−1)
δ= r · Gv (J2 kg−2 s−1)
r =evaporation heat of water (J·kg−1)

Gv = flow variable for mass transfer of vapor from potatoes to ambient air
(J·s−1 kg−1)

γ = intercept of linearized potato heat production (J·m−3 s)
The parameters used in the balance equationsα1 throughα7,β, andδ are described below:

α1 = (1− ε)(ρC)p (Jm−3K−1)

where
ε=porosity of the potato stack
ρp=density of the potatoes (kg·m−3)
Cp=heat capacity of potatoes (J·kg−1 K−1]

The porosity of potatoes in storage is independent of the size and shape of the potatoes.
If they are assumed to be bulb-shaped with equal diameter, this is called the equivalent
potato diameter. The porosity of stacked equal-sized bulbs is 0.26 [16]. Potatoes are not
exactly bulb-shaped, nor do they have an equal hydraulic diameter. This leads to a higher
porosity. Boel estimated for the porosity of potato stacks a range of 0.33 to 0.36. The
density of potatoes is dependent on the circumstances during growth. Potato density is
about 1080 kg·m−3 and heat capacity of potatoes is about 3560 J·kg−1K−1.

α2 = λv
λv = apparent heat conductance (W·m−1K−1)

The value for the heat conductance is according to Hendrikse [17] equal to 0.33.

α3 = αAv

where
α=heat-transfer coefficient (W·m−2 K−1)

Av =potato surface area per cubic meter (m2 m−3)
Ample research has been done on estimation of the value of this heat-transfer coefficient
at different ventilation rates and different sizes and shapes of the potato stack. The results
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are given in a form in which the Nusselt number (Nu) is presented as a function of the
Reynolds number (Re) and Prandtl number (Pr). Beukema [18] gives this function for
Regreater than 180:

Nu= 1.27(1− ε)0.41 Re0.59 Pr0.33 (2.42)

where
v = air velocity in potato stack (=1/ε ∗ vundisturbed) (m·s−1)
ν = viscosity of air (=1.4∗ 10−5) (m2·s−1)
d = average potato diameter (m)
λ = heat conductance air (= 0.021) (W·m−1K−1)

From the heat transfer coefficient forRegreaterthan180 can be derived:

α = λ

d
1.27(1− ε)0.41

(
dv

ν

)0.59(
ν

d

)0.33

(2.43)

The heat transfer coefficient is dependent on the air speed and can be described as a
function of the air speed forε = 0.33 andd = 0.05:

α = 3.80v0.59 (W·m−2 K−1)

The surface area per cubic meter for bulbs can be described by the following equation:

Av = 6(1− ε)
d

(2.44)

Boel [16] indicates that this equation provides a good estimation for the area of potatoes.
A convection parameter for heat transport with air moving through the potato stack,

dependent of the real air velocity in the potato stack (disturbed air velocity), isα4.

α4 = vd ∗ (ρC)a (J·m−2 K−1 s−1)

wherevd is the disturbed air velocity in the potato stack (m·s−1). The parameterα5

depends on the undisturbed air velocity:

α5 = εvu (ms−1)

Equation (2.45) gives a linearized function for maximum moisture concentration in air,
Cmax (kg·m−3), using differentα6 andβ values in several temperature intervals.

Cmax= α6Tp + β (2.45)

The heat production of the potatoes in storage is estimated with the following linearized
function.

Qp = α7Tp + γ (2.46)

where
Qp=heat production of potatoes (W·m−3)
γ = intercept linearizedQp (= 3.4) (W·m−3)
α7= trend in linearizedQp (= 0.4) (W·m−3 K−1)

The given values ofα7 andγ are only valid in the temperature range from 3 to 10◦C.
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Finally, the parametersδ andβ are discussed.δ is split into two complementary
parameters, one for evaporation from the inside of the potato and one for evaporation
and condensation of water on the outer surface of the potato:

δ = SWδ1+ |SW− 1|δ2 (2.47)

where
δ1=energy flow needed to evaporate 1 kg of water from the inside of the

potato (W·kg−1)
δ2=energy flow needed to evaporate 1 kg of water from the potato’s outer

surface (W·kg−1)
If condensation on the potatoes occurs the switch function SW= 0; in case of normal
evaporation through the potato peal, SW= 1.
δ1 can be described as:

δ1 = r Avγ

(
1

β
+ r δ

D

)−1

(2.48)

β = mass transfer coefficient from a wet surface to air (ms−1)

where
r δ=depth of the potato peal (m)
γ =permeability of the potato peal
r =evaporation heat of water (=24.85×105) (J·kg−1)
D=diffusion coefficient of vapor in air (m2 s−1)

The mass transfer coefficientβ (m·s−1) in this equation is equal to [18]:

β = α

ρC
Le−

2
3 (2.49)

where
Le= the Lewis number,a/D
a=heat distribution coefficient of air (m2s−1)

The equation describing the heatflow per kilogram of condensated water (δ2

[W kg−1]) is:

δ2 = r Avβ (2.50)

The three basic equations (2.39) through (2.41) can be used to create element ma-
trices in order to allow computational calculation of a matrix–vector equation set:
Me Ṫ

e+ Se Te = f e for each element defined. The element mass matrixMe is mul-
tiplied with the derivative of the element state vectorṪ

e
, added to the element-stiffness

matrix Se multiplied with the element state vectorTe, which equals the element loads
vector f e. The state vector holds the state variables: potato temperatures, air tempera-
tures, and air humidities; the loads vectorf contains all state variable independent parts
of the balance equations. This set of equations can be completed by adding elements
for ventilation, heat loss through the construction of the storage (see Fig. 2.18), and
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heat flows to and from equipment such as heaters, coolers, fans, and humidifiers. All
element matrix equations can be aggregated into one matrix equation describing the
total potato storage system:MṪ + ST = f . This equation can be the core of a model
description of a potato store. An example of such a model is AMOD [15], which is
developed by Wageningen Agricultural University in cooperation with Delft Technical
University.

2.2.8 Process Control

In controlling the storage process we distinguish different ways to manage actuators
like fans, mixing valves, and air-conditioning units such as coolers, heaters, humidifiers,
and anticondensation units:
• Manual control: cheap but inaccurate. Disadvantages are that a lot of human atten-

tion to the control process is required, the chance of unwanted effects, and that it is
not an optimal use of available time if ventilation with outdoor air is appropriate.

• Minimum/maximum control using thermostats: This control is only effective if
potatoes are cooled down. The maximum thermostat setting is approximately 2◦C
below the product temperature and the minimum thermostat setting is about 4◦C
below the maximum but never below 1 to 2◦C. If outdoor air temperature is between
the setpoints of the two thermostats, ventilation air is allowed in to cool the stack.

• Differential control using thermostats: This control uses the product temperature,
outdoor temperature, and temperature in the air-distribution system as inputs. Fans
are turned on if the product temperature is outside the setpoint area and the preset
temperature difference between outdoor air and the product is a fact. The mixing
valve is controlled with help of the measured temperature in the air-distribution
system. A disadvantage is that control of humidity and of air-conditioning units
requires separate control units.

• Control with process computer: Indoor climate and potato temperature are con-
trolled automatically based on a choosen or given control strategy, which can be
different for each phase in the storage process, based on product temperature and on
temperature and humidity of outdoor air, air in the storage room, and air in the air
distribution system. Advantages are a full integration of the control of all actuators;
that ventilation with outside air, mixed air, and conditioned air can be controlled
by the process computer based upon economic criteria; that no additional equip-
ment such as timers is needed (for periodical internal ventilation, use of cheaper
power rates, etc.); and that the process computer can be coupled with a personal
computer to allow remote monitoring and control of setpoints and postprocessing
of data.

2.2.9 Equipment in Storage Houses

The most important equipment in a potato store is the airflow equipment (fans)
plus the air-distribution system (which is part of store contruction), mixing valves, air-
conditioning equipment, and sensors.
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Figure 2.19. Working point of a fan.

Airflow Equipment

Fan Types
The fan capacity strongly influences both the cooling and drying rates in the store

and therefore cannot be chosen arbitrarily. It must be chosen on the basis of the required
cooling and drying rates. To be able to dry and cool potato lots a ventilation rate of
100 to 150 m3 m−3 h−1 is required. This rate is dependent on the external climate and
the cooling rate required in the cool-down period. The airflow generated by a fan is
dependent on the static pressure head in the system. Generally, large axial-flow fans are
used, which generate airflows of 30,000 to 50,000 m3 h−1 at a 200-Pa static pressure
difference. In the choice of a fan type not only airflow is important, but also the stability
of the working point (Fig. 2.19), the ventilation efficiency ratio (m3 s−1 kW−1) or specific
power consumption (W per 1000 m3 h−1), noise production, and durability of the fan as
a whole.

Working Point of a Fan
As discussed previously there are resistances that act against the air flowing in the

whole storage system. To realize the desired air flow, the fan must build a pressure head
that is equal to the static pressure losses due to these resistances. The working point
of a fan is defined by the point at which the fan and the system characteristic (system
resistance) meet (see Fig. 2.19).

The fan characteristic can be described by the following equation:

Ps = a+ b

(
V

n

)
+ c

(
V

n

)2

+ d

(
V

n

)3

+ e

(
V

n

)4

+ f

(
V

n

)5

. . . (2.51)

where
Ps= static pressure generated by fan (Pa)
n=number of fans
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V = total fan capacity of the potato storage (m3 s−1)
a..f.= fan type–specific numeric parameters

Equation (2.51) allows the option to install more than one fan in the store. The generated
static pressure will remain constant, but the airflow will increase proportionally with the
number of fans at the given static pressure. The fan working point can be calculated by
finding the airflow rate at which the fan generates a static pressure head that is equal to
the system pressure head (Eqs. (2.51) and (2.62)). With the help of iteration the airflow
rate through the system can be calculated.

Natural Ventilation
Natural ventilation is the result of stack effect, is wind-induced, or results from the

combined effect of these two forces. Natural ventilation is induced as a result of temper-
ature difference between inside and outside environment and height difference between
the inlet and outlet vents in a naturally ventilated structure (stack effect). Wind-induced
ventilation depends on the location of the building. It has been shown to contribute a lot
in naturally ventilated structures. The following equations can be used to calculate the
static pressure head generated by stack and wind effect.

Velocity of air due to thermal buoyancy (stack effect) is given by:

1Ps = g1h(ρo − ρi ) (2.52)

where
1h=height difference between inlet and outlet opening (m)
ρo=density of outside air (kg·m−3)
ρi =density of inside air (kg·m−3)
g=acceleration of gravity (m·s−2)

The static pressure due to wind effect is given by

1Ps = (Ci − Co)
1

2
ρeV2

w (2.53)

where
Co,i =outside and inside pressure coefficient
Vw =wind speed at meteorological reference height (m·s−1)
ρe=density of outside air (kg·m−3)

The possibilities of natural ventilation as a driving force for stack ventilation can
be estimated in a simple way by replacing Eq. (2.51) with equations, describing the
driving force for natural ventilation (Eqs. (2.52) and/or (2.53)). Natural ventilation can
be important for small farms in locations in which means are lacking for a mechanical
ventilation system.

Air Distribution System
The goal of air-distribution systems is an equal distribution of air over the inlet

area of the stack. A properly designed air-distribution system reduces weight losses
and temperature gradients in the stack, and sprout inhibitors are distributed better. A
secondary requirement is that the air-distribution system may not form a large obstruction
during loading and unloading of the store.
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Figure 2.20. Underground channels (A) and fully slatted floor (B) under potatoes stored in bulk.

Potatoes Stored in Bulk
Practical systems are channels above floor level, channels below floor level, or fully

slatted floor with aeration channels below (Fig. 2.20). A fully slatted floor is the best so-
lution to achieve optimal air distribution, because there are no floor parts through which
no air is admitted to the stack. Airspeed at the entrance of the floor channels should be
4 to 6 m·s−1.

Channels above floor level are wooden triangular ducts or perforated half-round cor-
rugated steel elements. Low investment and high flexibility of floor use are the main
advantages. The distance between the center line of two channels should be smaller than
or equal to the stack height to prevent dead areas. Airspeed in the channels may range
from 6 to 10 m·s−1. To restrict friction losses and allow good air distribution a maxi-
mum air speed of 8 m·s−1 should be considered. To allow uniform distribution of outlet
airflows along the length of the duct, the cross-section must decrease with the length
measured from the inlet side without showing sudden changes. Outlet openings must be
projected as close to the floor as possible to prevent dead areas. For wooden channels the
total outlet area of a duct may be two to three times the area of the cross-section of the
largest element. For half-round steel ducts the outlet area should be restricted to 1.5 to 2
times the cross-sectional area of the largest element. The obstruction of outlet openings
by potatoes is smaller with half-round corrugated steel pipes than with triangular wooden
ducts. An airspeed of 4 m·s−1 in the outlet openings is seen as an optimum value that
allows minimal pressure loss.

Underground channels are projected closer together. A center-line distance of two
channels of 80% of the stack height is advised. Underground channels are designed as
equal (static) pressure channels or as channels with a constant cross-sectional area. For
equal-pressure channels the ratio of hydraulic diameter at the rear end and the hydraulic
diameter at the front end should be between 1 : 4 and 1 : 6. The shape theoretically needed
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Figure 2.21. Floor shapes of channels for equal static pressure. (Source: [12])

to generate constant static pressure (Fig. 2.21) is hardly ever applied because of complex
construction (high investment).

In practice, channels with a constant cross-section area are more common, because
of the more simple construction (lower investment), and air distribution is quite good if
the ratio of total outlet area to cross-section area is chosen right. Optimal air speed in
the channels lays around 6 m·s−1 at the inlet of the channel. As a consequence of the
obstruction by potatoes, total outlet area may be two to three times the cross-sectional
area at the front end.

Storage in Crates
With aeration through the crates the aeration ducts are formed by the crates. Addi-

tionally a drying wall or ventilation wall with openings that connect to the crate-row
openings with the pressurized room behind this wall is needed. The air is drawn in at the
top side. The pressure room is designed as an equal (static) pressure room or as room
with constant cross-sectional area (Fig. 2.22). In the latter case the lower crate rows get
the highest amount of air. At the top rows the dynamic pressure head is still too high
to allow good air admittance to the crates. This negative effect can be decreased by in-
stalling air conductor blades at the top rows. Leakage losses between the ventilation wall
and crate openings and among crate connections are inevitable but should be minimized.
Even with use of well-shaped crates these losses are about 20% of the total airflow. For
aeration along crates Section 2.2.5 gives an adequate description of required distances
between crates and between crates and walls.

System Flow Characteristic (Airflow Resistance)
The system resistance in the potato store consists of the following:
• Pressure drop at inlet openings
• Resistance in the air-distribution system (pressure head in the channel due to friction

in the channel and transitions or outlet openings and 90-degree bends)
• Stack resistance
• Resistance at the outlet opening of the storage
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Figure 2.22. Different designs of pressurized rooms for crate storage: (A) constant
sectional area; (B) equal pressure. (Source: [7])

Resistance at the Inlet Opening
The resistance at the inlet opening can be calculated by the following equation:

1P = Copen

(Aopen)2

1

2
ρV2 (2.54)

where
Copen= resistance coefficient (Euler number) for a sharp rectangular opening
Aopen=area of the inlet opening (m2)

V =airflow through the opening (m3 s−1)
The air passes this opening before it passes the fan. The value of the Euler number for
sharp openings is approximately 2.5, which is equivalent to a discharge coefficient of
0.63 [20].

Resistance in the Air-distribution System
While moving from the inlet opening to the potatoes the air encounters first the fan,

then one or two 90-degree turns between the pressure room and the duct system below
the potato bin. The first component of the resistance, generated by the 90-degree turn,
can be calculated using the approach described for the inlet opening. Only the Euler
number changes from the calculation for the inlet openings:

1P = nC90◦

(Aduct)2

1

2
ρV2 (2.55)

where
C90◦ = resistance coefficient of a 90-degree curve
Aduct=area of the duct after passing the 90-degree curve (m2)

N=number of 90-degree curves
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The value of the resistance coefficient in this equation is 1.3 [21]. Because the calcu-
lation of resistance in the air-distribution system is iterative and intensive, it cannot be
determined with this simple approach because several factors affect the pressure distri-
bution. These factors are the duct design and the air velocity in the duct or the airflow rate
through the duct. However, a simple approach is followed to calculate this resistance.
The static and dynamic pressure distributions in the channel are calculated for the de-
sired airflow rate, which is in itself a rather complex algorithm [22] which is not further
discussed here but is part of the model. The ratio of the static and dynamic pressures
at the entrance of the duct is equal to an effective airflow resistance coefficient (Euler
number) that represents the pressure loss in the total air-distribution channel. Hence:

Cchann= Ps(1)

Pd(1)
(2.56)

where
Cchann=airflow resistance coefficient (Euler number)
Ps(1)= static pressure head in the front end of the channel
Pd(1)=dynamic pressure head in the front end of the channel

The static pressure head required to allow an airflow rate (V) through the air-distribution
system, being a combination of 90-degree turns and the air-distributing channels, is given
by the following equation:

Ps = (Cchannel+ nC90◦ )
1

2
ρ

(
V

Achannel

)2

(2.57)

The value for the resistance coefficient of the channel may vary depending on the type
of channel/duct and for different dimensions of channel/ducts. Important factors are the
number of gap stations, cross-sectional area, friction factor of the channel’s wall, and
the coefficient for static pressure gain. A gap station is a location along the length of the
channel at which one or more discharge gaps can be found in the channel. The calculated
distribution of dynamic and static pressure allow detail evaluation of the duct design.
See inlet and Outlet Area Calculation for the Air Distribution System (page 117).

Ducts are designed either for equal static pressure or for constant cross-sectional
area. For constant static pressure through the length of the duct, the area of the cross-
section will decrease towards the far end of the duct. In case of constant cross-section
of channels, the shape of the cross-section does not change. For rectangular channels
with linear decrease to the depth, the following equation can be used to calculate the
cross-sectional area of the duct as a function of the position in the channel:

A(I ) =WD

(
1− I − 1

N − 1
(1− T)

)
(2.58)

where
A(I )= cross-sectional area at the gap stationI (m2)

W=width of the channel (m)
D=duct or channel depth at the inlet (m)
I = counter (1, . . . , N)
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N= total number of gap stations in the channel
T = ratio of the cross-section area in the rear end and the front end of the

channel.
In the case of half-round corrugated steel ducts the cross-section area can be calculated
from:

A(I ) = 0.5π

(
H

(
1− I − 1

N − 1
(1−
√

T)

))2

(2.59)

whereH is the height of the duct at the front end (m2).
A proper description of calculations needed to quantifyCchannis given by ref. [22].

Resistance in the Stack
Ergun, according to Beukema [18], developed the following equation to calculate

pressure drop in packed beds of spherical particles:

1P

L
= 1− ε

dpε3

(
150(1− ε)

Re
+ 1.75

)
ρV2 (2.60)

Re= ρvdp

µ

where
1P=pressure drop in potato stack (N·m−2)
Re=Reynolds number
ρ=air density (kg·m−3)
V = velocity in the stack (m3·m−2·s−1)
ε=porosity of the material (potato)
µ= viscosity (kg·m−1·s−1)
L = length of stack in flow direction (m)

dp=equivalent diameter of a potato in the stack (m)
In research by Bakker-Arkemaet al. [23, 24], the Ergun equation was compared with
experiments on biological products. Another more experimental equation to describe the
stack resistance is [12, 25]:

1P = K V1.8L (2.61)

The K value, an empirical constant, depends on potato size distribution, shape and the
amount of soil tare included in the potato lot. It varies from 500 to 1500 for 0% to 10%
soil tare [25]. Figure 2.23 compares the result of Eqs. (2.60) and (2.61).

Total System Resistance
Bringing together all the components of the system resistance results in total static

pressure loss in the system. This is given by the following equation:

Ps = 1

2
Co

(
V

A0

)2

+ 1

2
(Cch+ nC90◦ ) · · ·

(
V

AchNch

)2

+ K V1.8L (2.62)
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Figure 2.23. Pressure loss in a potato stack for clean and soiled potatoes according to Ergun —–
equation (2.60) and to the experimental equation (2.61).

with subscripts:
o=opening

ch= channel
Nch=number of channels in the system

Inlet and Outlet Area Calculation for the ADS
The static pressure distribution is sensitive to the aperture ratio (total duct outlet

area divided by duct inlet area,Ao/Ai ) as discussed in Air Distribution System in this
section. Increasing this ratio magnifies the static pressure variation in ducts [26], which
in turn affects the uniform distribution of air flow in the stack. They also recommend for
different duct types an effective aperture ratio of in general less than 1. It is found that
in stores only 25 to 50% of the opening is available for air flow through the stack, the
rest is covered by the potatoes (Fig. 2.24), so the gross ratio can be higher. Cloud and
Morey [27] suggest a value of two for this aperture ratio.

Figures 2.25 and 2.26 show two examples: I) the air output distribution along an
underground channel as a function of the aperture ratio (Ao/Ai ) and II) the air output
distribution along differently designed equal pressure corrugated steel ducts as a function
of the parameter (T).

Air-conditioning Equipment

Heaters
Heaters are used when the product temperature should rise considerably in a relative

short period of time in order to sort or deliver and/or recondition a potato batch. The use
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Figure 2.24. Potatoes covering 50% to 75% of the outlet opening.

of warm outdoor air is not advisable because of its high humidity. When the potatoes
are still below dewpoint of the air considerable condensation can take place. By heating
colder air with a low humidity condensation is prevented. Evaporation however will
increase. Heaters are normally projected in the mixing room or pressure room (see
Fig. 2.18). Three different fuels for heating units can be used: electricity, diesel fuel,
and natural gas. Diesel heaters can only be controlled with on/off control. Natural gas
burners can be controlled with on/off and linear control in the range of 40% to 100%.
There are diesel and gas heaters that heat the ventilation air indirectly with the help of
a transport medium. The advantage is that no exhaust gases are brought into the potato
stack, and no oxygen is consumed nor is carbon dioxide produced. This means that no
extra ventilation with external air is needed to correct the gas concentrations. Indirect
heaters have lower energy efficiencies than direct heating systems. Electrical heaters are
not advised because of the high energy costs.

Cooling Unit
A cooling unit allows a longer storage season and guarantees an adequate reaction

if cooling is required and outdoor air or mixed air cannot be brought in the required
condition. In the cool-down period a cooling unit can help realize a steady decrease of
the potato temperature, while outdoor air can show longer time periods in which cooling
is not possible. A cooling unit is mostly used in combination with cooling with outdoor
air to keep costs down. The control algorithm is responsible for a proper use of both
cooling mechanisms.

Humidifiers
Sometimes humidifiers are used to prevent weight loss if the normal ventilation air

is too dry. Two main ways of humidifying air are available: evaporation of water from a
large wet surface or spraying of water in the ventilation air with high-pressure nozzles
to minimize droplet size. If spraying is applied, the amount of water added to the air
must be controlled in order to allow full evaporation before the ventilation air reaches
the potatoes. Evaporation from a wet surface normally is realized by leading the air
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Figure 2.25. Calculated air output distribution along the length of an underground ventilation
channel for different aperture ratios: 0.625, 0.80, and 1.25. Channel dimensions:

L ×W× H == 10 m× 1 m× 0.8 m.

Figure 2.26. Calculated air output distribution along the length of corrugated steel duct for
different ratios between the cross sectional area at the front and rear end. Dimensions of

duct: 10 m long, height at front end 1 m.
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through a wet pad. This humidification process is almost adiabatical; that is, enthalpy
of the ventilation air is approximately constant. This means latent heat is added and an
equal quantity of sensible heat is removed. The consequence is that the humidified air
cools down.

Anticondensation
Equipment to prevent condensation in the storage room is restricted to additional

small fans in the room between potato stack and ceiling (see Fig. 2.17) or in the end
walls of the storage room above the highest potato level to refresh the air in the storage
room (see Section 2.2.5).

Sensors
In order to get information from the storage process, or the indoor climate, temperature

and humidity measurements have to be carried out. Common temperature sensors in
automatically controlled stores are PT-100 and NTC sensors, in which the electrical
resistance is temperature-dependent. The NTC has a high resistance, thus making the
cable resistance negligible, but sensors of different producers cannot be exchanged and
the sensors are not entirely stable. After long-term usage the accuracy decreases. The
PT-100 sensor is most common. The sensor is very stable and exchangeable with other
brands. Because of the low electrical resistance, correction for the cable resistance is
necessary. For this purpose a more expensive three- or four-wire cable is necessary.
A standard PT-100 element has an inaccuracy of 0.3◦C. More accurate sensors are
available but more expensive. On average, one temperature sensor per 100 ton of potatoes
is enough. Further, it is advizable to place some sensors near the sidewalls of stores
to monitor extreme temperatures in the stack. Sensors with different pen lengths are
available to allow temperature measurement at various levels in a potato stack. To prevent
errors from electrical or magnetical fields the use of shielded cables is advizable. Relative-
humidity sensors are normally capacitative sensors.

2.2.10 Product Handling During Storage

Loading of Bulk Stores
A field transport load is received in a buffer unit that should produce a constant,

clean product flow to the transport belts. Best is if the product flow is measured and the
speed of the floor belt is adjusted accordingly. The second function is to clean soil tare
from the potatoes. Then the product is put on a transport line, consisting of low speed
V-shaped transport belts with a transport capacity of about 70 ton/h. At the end of the
transport line a special-purpose transport belt is used, a “cell loader,” which can move
up and down to restrict the falling height and which moves along a circle segment of
varying radius to allow equal loading over a full cell width. Some times the movements
of cell loaders can be programmed to allow automatic terace filling [25]. Drop heights
of potatoes should be restricted to less than 150 mm for a free fall on a hard surface, less
than 300 mm for a fall on other potatoes, and less than 750 mm if the fall is broken on
a soft 45 degree–angled surface. The allowable drop height is somewhat dependent on
the potato’s diameter. Large diameters require a smaller maximum fall height.
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Figure 2.27. Effects of mechanical damage on respiration rate of onions.

Points of attention during loading of a store are to work with clean machinery and to
check and correct the running of transport belts and scrapers.

Loading Crate Stores
Crate stores are loaded using crate-fill equipment and fork-lift trucks for transport

and placement in the store. It is important not to put too much force on a ventilation wall
in the process of loading.

Other Product Handling
Other product handling during storage is unloading and sorting. These processes are

not discussed here.

2.2.11 Product Quality-Inspection Systems

Quality is determined not only by storage conditions but also by the history prior to
storage. Division of the bulk in healthy batches and risk batches in combination with
crate storage and precision farming could be a promising future challenge for better
potato quality.

The quality and the size distribution of a bulk of potatoes determine price and possible
market outlets. Size distribution can be influenced by sorting potatoes. Quality has many
aspects. In most countries different quality-inspection regulations are prescribed for
different product destinations, such as fresh consumption and industrial processing,
sorted potatoes for french fries, potatoes for potato-chip manufacturing, potatoes for
mashing and granulation, and potatoes destinated for dried products.
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Table 2.9. Possible defects in potatoes

Defect Permitted Percentage

Frost damage 0
Attached soil (tare) 2
Decay (wet rot) 2
Black hearts 2
Glass 3
Powder burn 3
Internal sprouts >1 cm 3
Scabies 3
Wrinkling or limpness 5
Physical defects and growth cracks 8

Generally, from a potato lot, two samples are taken for inspection, one for the inspec-
tion at hand and the other for a second opinion if requested by the grower. The samples
are generally assessed on:
• Weight percentage of tare (soil and sprouts) and weight percentage of potatoes with

defects (Table 2.9)
• Distribution of potatoes over a range of sorting classes
• Quality index based upon black coloring, internal coloring, and glassiness
• Temperature at arrival (≥12◦C), underwater weight, baking color index

Frost damage can occur due to an error in the ventilation system or due to an insufficient
insulation level. Rot can be caused by wet potatoes, glass, poor ventilation, or conden-
sation on walls or ceiling. Black hearts are caused by an oxygen deficit in the tuber.
Heating up potatoes with air that is too warm increases dissimilation, which can cause
a shortage of oxygen [12].

Powder burn shows as thick and leathery peel at places that were damaged previously.
The use of chemical means for sprout control on damaged tubers induces powder burn,
especially in combination with incomplete wound healing. Spots larger than 20 mm
are seen as external defects [29]. Internal sprouting occurs if time intervals between
administering sprout suppressants are too long. We speak of scabies on a tuber if more
than one sixth of the tuber surface shows this disease and the depth of the damaged area
is more than 2 mm. At a moisture loss higher than 10%, wrinkling and limpness occurs.
Tubers with growth cracks longer than one third of the tuber length and depths larger than
10 mm are rejected. The distribution of a potato batch over sorting classes influences the
price greatly. Larger sizes and more uniform lots get a better price. Based on the quality
index a bonus or rebate is calculated over the yield price. A poor quality index can even
cause rejection of a potato lot by a buyer (wholesaler or in the processing industry).

Sensitivity for black spots can be measured by shacking a sample for 30 seconds,
which is considered normal in practice. Then the potato sample is preserved for 48 hours
to allow black coloring. Black spots occur if potatoes are not heated properly before
transport. After peeling the sample, the tubers are divided in four classes based on the
largest black spot: I) no black spots, II) light (spots< 2 mm), III) moderate (diameter
between 2 and 5 mm), IV) heavy (diameter black spots> 10 mm).
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Glassiness is judged by submerging a sample in a salt bath. The density of the salt
water is variety-dependent. Floating potatoes are cut to show the largest cut area and
assigned to three classes of glassiness (light, moderate, heavy).

The underwater weight is a measure for the dry-matter content of potatoes, and it is
measured by submerging 1000 g of potatoes in a water vessel. The minimum value for
the underwater weight is 360 g. The dry-matter content can be calculated from [8]:

% dry matter= 0.0492· underwater weight+ 2.00 (2.63)

For french fries and the potato-chip industry baking quality is important. Dependent on
the concentration of reducing sugars during a baking process, the product can show a
dark color and a bitter taste. The test on reducing sugar is carried out by selecting 20
healthy tubers, cutting one fry of 1×1 cm from each tuber, baking the fries, and judging,
the color against a standard color-index chart. This results in a baking color index that
may not be higher than 4, which is equivalent to 0.35% reducing sugars in the fresh
weight of the potatoes.

The potato storage process can influence these quality parameters: black spots, baking
color index, decay, frost damage, black hearts, powder burn, internal sprouting, and
moisture loss (wrinkling and limpness).
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2.3 Onion Storage
Linus U. Opara and Martin Geyer

2.3.1 Economic Importance of Onions

Edible Alliums are important vegetables worldwide. Preeminent among them in terms
of volume grown and traded is the common onion grown for bulbs. In terms of global
weight of vegetables produced, at nearly 28 million tons per annum, only tomatoes and
cabbages exceed bulb onions in importance [1]. International trade is estimated at about
2 million tons annually, worth about US$400 million.

Onions (Allium cepaL.) are highly valued worldwide for their flavor and for their
nutritional value in supplying minor constituents such as minerals and trace elements
(Table 2.10). The bulbs are boiled and used in soups and stews, fried, or eaten raw. They
are also preserved in the form of pickles. Onion leaves, especially from the Spring onion,
are also used in salads and soup.

Table 2.10. Representative values of nutrients of onion
bulbs (Allium cepa var. cepa) and leaves (Allium

fistulosum) per 100 g edible portion

Major Nutrients Bulbs Leaves

Water (g) 87 90 91
Calories 48 36 30
Protein (g) 1.5 1.8 1.6
Fat (g) Trace 0.5 0.3
Carbohydrate (g) 11 6 6
Fiber (g) 0.5 1.0 0.8
Calcium (mg) 30 40 55
Phosphorous (mg) — — 41
Iron (mg) 0.5 3.0 1.1
Vitamins

ß-carotene equivalent (µg) Trace 328 630
Thiamine (mg) 0.04 0.05 0.06
Riboflavin (mg) 0.02 0.10 0.08
Niacin (mg) 0.3 0.5 0.5
Ascorbic acid (mg) 10 50 19

Sources: [2, 3].
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Onions are a major crop in the tropics, which account for nearly 30% of total global
production [4]. Estimated loss of total crop in these countries is high and can reach 20% to
95% [5]. Losses between wholesale and retail of over 9% have been reported for Spring
onions [6]. Although some tropical countries are net importers, export potential of onions
is developing in several tropical regions partly because if dried and packed properly the
bulbs can be transported for considerable distances without deteriorating. Storage for
several months also is possible if suitable bulb temperatures can be maintained.

Proper storage environment is critical to minimize bulb softening, shriveling, weight
loss, and development of storage rots and decay. Different cultivars have variable storage
life. In general, poor-keeping cultivars are less pungent [7] and have a low dry-matter
content [8], a low refractive index [9, 10], and high relative rate of water loss and total
water loss, especially in the period immediately following harvest. Poor-storing cultivars
also are more susceptible to storage rots, sprout more readily [11], and benefit more from
“curing.”

2.3.2 Physiology and Quality

The commercially grown bulb onion is a biennial crop with origin in Asia. The bulbs
are naturally dormant organs adapted to maintaining the plant as viable during a period
unfavorable for growth. In the native habitat of the wild ancestors of onions and garlic
the bulbs may have enabled the plants to survive periods of summer drought and winter
cold [1]. The onion shows a distinctly marked dormancy between the vegetative and the
generative growth periods. Therefore, bulbs are natural storage organs, well adapted for
long-term crop storage.

The outer dry skins are very important for maintaining the dormancy, preventing
water loss, and excluding pathogens. Bulb storage rests on knowledge of the physiology
plus a knowledge of the pathology of diseases of stored bulbs. Depending on variety, the
dormancy and storage period ranges from a few days to several months. The storage life
depends also on climatic conditions (especially temperature) during storage. The dor-
mancy is shortened by external stimulation such as mechanical stress during harvest and
handling, lighting during storage, and fluctuation of storage temperature and humidity.

During dormancy the bulb is protected by the outer scales. In this way the outer scales
lose water and form dry skins while the inner scales stay fresh and firm. As dormancy
declines the sprout leaves elongate and become visible. Sprout development takes energy
from all scales and causes the bulbs to become soft, resulting in quality loss.

Temperature Effects
Sprouting is depressed during dormancy at lower and higher temperatures. The rate

of elongation of sprouts within the bulb and the rate of leaf initiation were much faster
at 15 than at 0 or 30◦C. Therefore, sprout development in onion bulbs, unlike most
physiological processes, does not increase in rate progressively as temperature increases.
Once sprouting has occurred in rooted bulbs, sprout growth rate increases progressively
with temperature [1].

Metabolic Activity
Respiration rates of produce indicate the degree of metabolic activity and provide use-

ful insights in the design of storage systems for environmental and atmospheric control.
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Table 2.11. Respiration rates (CO2 production) of onions
(in mg·kg−1·h−1)

0◦C 4–5◦C 10◦C 15–16◦C 20–21◦C

Dry onions 3 3–4 7–8 10–11 14–198
3 5 7 7

Green onions 10–32 17–39 36–62 66–115 79–178

The rate of postharvest deterioration (spoilage) of produce generally is proportional to
the rate of respiration. Bulb onions have a low respiration rate (3–4 mg CO2·kg−1·h−1 at
5◦C), and this increases with corresponding increases in temperature. Green onions have
higher respiration rates, comparable to leafy vegetables, at the same temperature (Table
2.11). A low oxygen level in the storage chamber halves the rate of respiration [12].

In storage, as time progresses, the rate of respiration increases. If bulbs are wounded,
their rate of respiration increases and reaches a maximum after about 12 hours. The
higher level is measurable over the whole storage period [13, 14]. If the dry outer skins
of onions are removed, the respiration rate of bulbs increases nearly two-fold and the
rate of water loss also increases. Bulbs with the skin removed also sprout more rapidly
than those with intact skins [1].

2.3.3 Quality Standards of Bulb Onions

Table 2.12 shows a summary of the requirements for meeting international quality
standards. These standards must be interpreted for each type of produce. For onions, a
comprehensive interpretation has been documented [15]. This interpretation applies to
onions grown from cultivars ofAllium cepaL. to be supplied fresh to the consumer, with
the exception of onions with their leaves and stems still green (fresh onions), onions
intended for planting (basic material), and onions intended for processing. Only the
minimum requirements (these apply to both Class I and II quality standards)are presented
here (Table 2.13). The onions have to be packed in new and clean packing material so
that they are saved appropriately and not subjected to external and internal changes. The
packages have to be designated concerning packer, kind and origin of product, and trading
marks. For further details on the interpretation of the international standard, readers are
referred to ref. [15]. It is important that both sorting and grading are supervised by
well-trained personnel in order to achieve and maintain good quality standards.

2.3.4 Harvest and Postharvest Handling

Maturity
The condition of onion leaves is a good indicator of the maturity and general state

of the bulb. Bulb onions that are to be stored should be allowed to mature fully before
harvest, this occurs when the leaves bend just above the top of the bulb and fall over [16].
Storage losses at this maturity normally are lower than those harvested before the tops
collapse [17]. Bulbs generally mature within 100 to 140 days of sowing, depending on
the cultivar and the weather [18]. Spring onions are ready for harvesting 35 to 45 days
after sowing. Harvesting should begin when 50% to 80% of the tops have gone over,
before it is possible to see split skins exposing white flesh [19]. As a practical guide, one
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Table 2.12. Example of on international OECD quality standard: Summary of the requirements

Requirements Class I: Good Quality Class II: Marketable Quality

Minimum requirements Intact (flesh not exposed)
Sound; produce affected by rotting or deterioration so as to make it unfit for

consumption is excluded in all cases
Clean; practically free from any foreign matter
Sufficiently dry for the intended use (in the case of pickling onions, at least

the first two dry skins and the stem should be completely dry)
Free from abnormal external moisture
Free from foreign smell and/or taste
The stem must be twisted or clean-cut and must not be more than 4 cm long

(except for twisted onions)

Quality requirements

Consistency Firm and compact Reasonably firm
Shape Typical of the variety Not typical of the variety
Color Typical of the variety Not typical of the variety
Defects allowed Without evidence of growth Early evidence of growth (not more

Without hollow or tough stems than 10% for any given batch)
Free from swelling caused by Small healed cracks

abnormal development Traces of rubbing
Practically free from root Slight marking caused by parasite

tuffs or disease
Light staining not affecting Slight bruising, healed, unlikely to

the last outer skin impair keeping quantities
the protecting flesh Staining not affecting the last dry outer

skin protecting the flesh
Sizing Compulsory

Minimum diameter: 10 mm
Maximum deviation in diameter in each pack:

5 mm when graded between 10 mm and 20 mm
10 mm when graded between 15 mm and 25 mm
15 mm when graded between 20 mm and 40 mm
20 mm when graded between 40 mm and 70 mm
30 mm when graded between 70 mm and plus

Tolerance
Quality 10% 10%
Size 10% 10%

Packaging
Presentation In layers

In bulk
In “strings” of not less than 16 bulbs with completely dry stems

Uniformity Same origin, variety
Packaging Free from foreign bodies

Source: [15].
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Table 2.13. Interpretation of the OECD international quality standard:
Minimum requirements for Allium cepa L.

a) Intact (outer skin included)
The onions must not have suffered any mutilation during growth or at any time of pulling, removal of

the stem, packaging, handling, or any other operation.
When onions are stored and/or handled in a dry atmosphere, the outer dry skin may split and

disappear. Thus small cracks in the outer dry skin, due to low air humidity, are allowed. As long as
the flesh is not visible small cracks in the outer skin are not considered defects.

Absence of a part of the outer skin is allowed provided there are more dry skins and the flesh is
not revealed.

b) Sound
The onions must not be rotten or seriously affected by disease or parasites.

c) Clean
The bulbs must be free from any impurity which may materially alter the appearance or quality.

d) Free from any damage due to frost
Onions affected by frost rot rapidly after handling in a frozen condition and when the temperature rises

above 0◦C. Therefore they must not be allowed to travel.
The onion is regarded as frost-bitten when more than two of the outer layers of the flesh are affected

and the flesh has a waxy appearance. A waxy appearance of the outer layers of the flesh can also be
caused by mechanical handling. This slight defect does not affect the edibility of the onions. This
waxy appearance of the outer layers disappears in a few days after ventilation

e) Sufficiently dry for the intended use
At the beginning of the season, onions frequently are pulled before fully developed. Although they

cannot be stored, they must be covered by a dry skin, which may be sufficiently dry for no moisture
to be pressed out by the fingers, in order that any subsequent heating may be avoided. The
onions must be pulled when ripe enough to meet current market standards, such that they
remain sufficiently firm and do not become soft or spongy.

For onions pulled when fully developed, the expression “sufficiently dry” means that in wet weather the
bulbs may be slightly wet in view of the hygroscopic properties of their outer skin, but the leaves near
the neck must be fairly dry.

f ) Free from abnormal external moisture
At the time of shipment onions must show no signs of excessive moisture due to unnatural causes

(such as prolonged exposure to rain) likely to impair their capacity for travel or keeping qualities.
The condensation observed immediately after cold storage is not regarded as “abnormal.”

g) Free of foreign smell or taste
This refers especially to produce that has been in poorly kept or unsuitable cold storage facilities and

which may have absorbed the odor given off by other produce on the premises.
h) The stems must be twisted or clean-cut and must not be more that 4 cm long (except for stringed

onions)
Onions are prepared either by hand or mechanically. Account will thus be taken of the overall

appearance of the batch, and the presence of more than 20% of stems over 4 cm long in any one lot
will be accepted as evidence that minimum requirements have not been met.

Source: [15].

should conduct sample counts on the number of bulbs that have fallen over in a field.
When the percentage of bulbs that have fallen over reaches about 70% to 80% of total,
then one should harvest the entire crop. Bulb yields up to 5 ton·ha−1 have been reported
[20]. Harvested crop should be allowed to dry or cure and ripen in the sun for several
days after lifting.
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Figure 2.28. Onion storage losses as affected by number of drops, drop height, and type of
impact surface.

Mechanical Damage
Onions are susceptible to physical damage during harvesting and postharvest han-

dling. Onions often are classified as firm or hard long-day (e.g., Yellow Globe Danvers)
or soft short-day (e.g., Grano/Granex types). Susceptibility to damage varies among
cultivars, but soft short-day cultivars are more susceptible to damage and therefore re-
quire greater care during harvesting and handling than the hard long-day cultivars. Bulb
damage results from impact and crushing on hard surfaces and bulb-to-bulb impact.
Impact damage manifests as bruising or splitting of bulb tissue.

Impact tests (falls onto a concrete floor or onto other onions) using a hard-onion cul-
tivar (e.g., Yellow Globe Danvers) have shown that the severity of damage was related to
the drop height and to the size of the bulbs [21]. A drop height of 1.8 m onto a concrete
surface produced an average of 50% visibly damaged onions after 120 days in cold
storage. It was concluded that under similar conditions, onions should not be dropped
more than 1.2 m onto a nonresilient surface. Damage from bulb-to-bulb impact was less
severe, and the first onions dropped into crates often showed the most damage. Drop tests
using the hard-onion cultivarRheinsburger balstorashowed that drop heights of 35 cm
on steel plate or concrete increased respiration rate as well as mass loss after 146 days in
store [13, 14]. The losses put together resulted in increasing respiration and transpiration,
sprouting and decay of the bulbs. The drop height, the amount of drops and the kind of
surface are responsible for increasing respiration rate and storage losses (Figs. 2.27 and
2.28). Drops higher than 50 cm on a conveyor belt and 20 cm on a hard surface should be
minimized during postharvest handling operations. Hard surfaces should be adequately
cushioned.
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During the handling of soft onion cultivars in particular, drops greater than a few
centimeters should be avoided, and machinery such as grading equipment should be
padded, especially on projecting corners. Some soft cultivars (e.g., Texas Early Grano)
also are susceptible to crushing if stacked in sacks. For such cultivars, packaging of bulbs
in cartons is recommended for transportation and marketing. To minimize bulb damage
during harvesting, the soft or short-day cultivars usually are pulled and bagged by hand
in the United States, and large-scale mechanized onion-harvesting machinery is suitable
only for hard onion cultivars.

As bulbs are susceptible to physical injury such as bruising due to compression
damage, bulk storage heights should not exceed 3.5 to 4 cm [1, 22]. Bulb damage by
bruising and shattering can be reduced by packaging in boxes, but this may require
substantial investment. In addition to the lowering of appearance quality, bruising and
splitting resulting from mechanical damage also affect bulb internal-quality attributes.
Experimental studies showed that bruising changed the scale texture and made the outer
fleshy scale soft, flattened, and pithyin appearance when cut through [21]. Wounding also
resulted in sprouting and decay on the wounded areas, and damage of freshly harvested
bulbs caused the exudation of sap from the basal stem plate, resulting in microbial
infection of the affected areas. The physiological effects of wounding on onion bulb are
well documented [23].

Harvesting
Hand harvesting usually is carried out by levering the bulbs with a fork to loosen them

and pulling the tops by hand. This is the common practice in many developing countries
in which farming is manual labor–intensive. In developed countries, especially on large-
scale farms, mechanical harvesting commonly is used. The harvesting techniques depend
upon the weather at harvest time. In areas where warm, dry weather occurs reliably, the
curing and bagging of the crop can be done in the field (two-phase harvesting). In wetter,
temperate regions, mechanical harvesting and artificial heating and ventilation for drying
are essential to produce reliably high-quality bulbs on a large scale.

Two-phase harvesting usually has the following steps: mowing the leaves (not cogent);
stubbing, undercutting, and sieving the onions to remove stones and clods; rolling the
soil in the row to get a plane surface; drying the bulbs (windrowing) 8 to 10 days
in the field; turning the bulbs one to two times; harvesting, sieving, and hand grading,
overloading into a trailer or in crates; and transporting. For one-phase harvesting, usually
commercial potato harvesters have been adapted. After mowing the leaves the crop is
harvested immediately, sieved, hand graded, and loaded onto the trailer.

Labor costs for two-phase harvesting are about 30% to 100% higher than for one-
phase harvesting. The disadvantage of one-phase harvesting is the energy consumption
for the drying process. Using combine harvesting [24], the standardized working hours
have been calculated to be 2.7 to 2.9 h·ha−1 for stubbing, 2.4 to 2.6 h·ha−1 for turning
and 8.9 to 11 h·ha−1. The highest mechanical impacts on the bulbs occurred during
loading, when the onions dropped on the uncushioned bottom of the empty trailer [14].
Reducing drop height, cushioning the bottom of the trailer, or using drop sails can reduce
the incidence of bulb damage.
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Figure 2.29. Onion shapes.

Bulb Size and Shape
Bulb size and shape are important attributes both for marketing and retention of

postharvest quality. Onion-bulb shapes can be described by various standard geometries
(Fig. 2.29). Bulb size affects both sprouting and water loss during storage. Studies have
shown that during storage at 11◦C large bulbs sprouted at a faster rate than small ones,
but small onions lost weight more rapidly [25, 26].

Drying and Curing
This is the process of dehydrating the outer layers of bulb crops such as onions

and garlic before storage to provide a surface barrier against water loss and micro-
bial infection, thereby preserving the main edible tissue in a fresh state. The drying
process also minimizes shrinkage by removing moisture from the interior of the bulb,
reduces the occurrence of sprouting, and allows the crop to ripen before fresh con-
sumption or long-term storage. This process is sometimes called “curing,” but the use
of the word curing for onion drying is rather inaccurate, because no cell regeneration
or wound healing occurs as in other root crops such as yam and cassava. Onion drying
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normally is achieved with weight losses of 3% to 5% [2, 22] and up to 10% with artificial
drying [27].

Traditionally, drying of onions has been carried out in the field and calledwindrowing.
Windrowing involves harvesting the mature bulbs and laying them on their sides (in
windrows) on the surface of the soil to dry for 1 or 2 weeks. In hot tropical climates, the
bulbs should be windrowed in such a way as to reduce the exposed surface, to minimize
damage due to direct exposure to the sun. In wet weather, the bulbs can take a longer
time to dry and may develop higher levels of rots during storage. The side of the bulb in
contact with wet soil or moisture also may develop brown strains or pixels that reduce the
appearance quality and value [16]. Clearly, successful windrowing is weather-dependent
and therefore not used extensively in many large-scale commercial enterprises. Bulbs
harvested for storage require in total 14 to 20 days of ripening or drying before being
stored. Onions also may be harvested in trays that are then stacked at the side of the field
to dry. In some tropical regions, the bulbs are tied together in groups by plaiting the tops,
which are then hung over poles in sheds to dry naturally.

Alternatively, harvested bulbs are taken straight from the field and artificially dried
in either a store, a shed, barns, or a special drier. This method is commonly used if crops
are stored in bulk, but it also can be applied to bags, boxed, or bins [28]. Bulbs are laid
on racks and air is rapidly passed across the surface of the bulbs night and day [19,
27]. Drying may take 7 to 10 days and is considered complete when the necks of the
bulbs have dried out and are tight and the skins shriekwhen held in the hand. The control
of humidity level in the store is critical. If humidity is too high, drying is delayed and
fungal infection can increase. On the other hand, if relative humidity is too low (below
60%), excessive water loss and splitting of the bulb’s outer skins can occur [29], and this
increases storage losses and reduces bulb value. The use in well-ventilated conditions of
wire mesh and air at about 30◦C, 60% to 75% relative humidity, and 150 m3·h−1·m−3 is
recommended.

Sorting and Grading Before Storage
Sorting of bulbs is important before storage to ensure that only good-quality bulbs are

placed in store. Any damaged, diseased, or rotten bulbs must be removed. The presence of
these defects reduces storage life of affected bulbs and leads to the infection of otherwise
sound produce within the store.

In developed countries separation and sorting before storage takes place during har-
vesting with the combine. After mechanical separation of small onions, earth, stones,
and clods, up to four graders manually select damaged and rotted onions. Onions that
are stored in loose bulk are separated from dirt and leaves again on their way to the shed
using special facilities. It should be taken into consideration that every handling process
induces mechanical load on the bulbs. In developing countries bulbs often are sorted
before and after drying if they are dried in a separate structure to the store.

Grading After Storage
Grading enables the handler to package the bulbs according to quality standards and

market requirements. A usual process line follows certain steps (Fig. 2.30). The steps are
mostly mechanized. Transports in crates is done using fork-lifts using open transport with
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Figure 2.30. Flowchart for grading onions after storage.

conveyor belts. It must be taken into consideration that all processes induce mechanical
load on bulbs.

2.3.5 Packaging

Purpose
Packaging basically facilitates handling by enabling a quantity of commodity to be

treated as one unit. For onions, a package must meet the following criteria [15]: It must
be strong enough to retain the required weight of onions under the conditions of transport
and storage, allow sufficient ventilation for the air around the bulbs to maintain relative
humidity in the required range, and in many circumstances provide a means of displaying
legally required and commercially necessary information.

Types of Packaging
Different types of packaging represent different physical methods by which the onions

are held. Onions can be packaged and stored in a variety of containers such as boxes,
cartons, bags, bulk bins, prepacks, plastic film bags, and stretch-wrapped trays. Packages
typically contain 25 kg or upwards, especially for transporting crop from field to store
or during storage. The same 25-kg bags or smaller bags may be used from store to
marketplace. There is limited use of small prepacks for retail sale. The choice of type
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of packaging depends on size of crop, length of storage, and marketing requirements. A
problem with packaging onions in boxes, net bags, and bulk bins is that if the packages
are too large, airflow pattern tends to be around rather than through them. Under this
condition, the respiration heat of the bulbs results in a warm, humid environment in
the center of the package, giving rise to decay or sprouting. In large stores, the capital
investment in packaging may be quite substantial.

Bags
Bags (sacks and nets) used for onion packaging fall into three groups: general-purpose

jute sacks, as used for many agricultural commodities; open-weave sacks of sisal-like
fiber; open-mesh nets, normally of plastic materials; and big bags, used alternatively to
crates, containing up to 1000 kg.

Jute sacks are readily available in most developing countries, but their disadvantages
[15] include that they generally are too large, possibly containing 100 kg of onions, and
hence difficult to handle and increasing risk of mechanical damage; bulbs are not visible
through the fabric, making it more difficult to monitor condition during storage; there is
some resistance to airflow if they are used in an aerated store; they are difficult to label
effectively; and recycled sacks may encourage spread of postharvest diseases.

Sisal sacks are made from sisal-like hard fibers and have an open weave, with thick
threads spaced between about 10 and 15 cm apart. The rough nature of the fiber provides a
sufficiently stable weave. These sacks are similar to jute sacks, but allow limited visibility
of the onions and create less impedance to airflow.

Open-mesh nets are the most widely used package for onions, and they are normally
red or orange in color. The slippery nature of plastics can result in the movement of the
threads, allowing large holes to open up. To overcome this problem, alternative nets are
produced industrially to give fully stable mesh and a stronger bag. The principal tech-
niques include using extruded net from high-density polyvinyl chloride (PVC), knitted
(warp-knitted) and asymmetric construction, and special weave in which weft threads
are doubled, and twisted.

These nets also are slowly degraded by sunlight, and should not be left outdoors for
long periods before use. In comparison with the other types of bags, they offer several
advantages, including light weight, small bulk when empty, general availability in 12.5-
and 25-kg sizes, fairly good visibility of bulbs, excellent ventilation, good hygiene, easy
closing (draw-string types only), and the fact that crop brand and marketing information
may be printed around the middle of the bag for easy identification.

Trays, Boxes/Cartons, and Bins
A range of rigid containers are used to package onions for transportation, marketing,

and storage. The principal rigid containers are trays (containing 10–15 kg of onions each),
boxes (containing up to 25 kg), and bulk bins (containing up to 1000 kg). These types
of packaging enable segregation of onions into different cultivars or sources. Choice of
packaging material is important, as wooden bins, for example, are liable to termite attack
and weathering during off-season. Rigid containers also are expensive, need regular
maintenance, and require a forklift for handling larger containers. Where rigid containers
are used for onion storage, building design is simpler than that for large-scale loose bulk
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storage, as reinforcement of retaining walls is not required to support the bulbs. Handling
damage of bulbs during filling and emptying can be frequent, but damage is reduced
during store loading and unloading operations in comparison with loose bulk handling
and storage.

Special attention is required during stacking of containers to ensure that the ventila-
tion air is forced through the containers of bulbs and not around them. However, rigid
containers facilitate regular inspection of produce, and if problems occur with the stack,
the area affected often is limited to a few trays, boxes, or bins that may be more easily
isolated and removed than in a loose bulk handling system.

Prepacks
The weight of retail prepacks for onions typically is in the range of 0.5 to 1.5 kg,

and prepacks are associated with self-service retailing. Prepacking of onions sold in a
supermarket allows price to be attached to produce; collates a number of pieces into
one unit of sale and may promote sale of a larger quantity than would be purchased
otherwise; provides a clean odorless unit for the customer to handle; and reduces time
spent at the check-out [15]. The use of weight/price-labeling machines and bar coding
has reduced the need to pack to fixed nominal weights. During preparation for retail, the
quantity of produce is measured by hand or machine and filled into the pack. Then the
actual weight and price or bar code are calculated automatically and printed on a label
that is attached to the package. This mechanized weighing and labeling system assists the
packer in accurate record keeping and avoids losses due to inaccurate pack weights. The
three main types of onion prepacks are nets, plastic film bags, and stretch-wrapped trays:

Nets are in essence smaller versions of the nets used for bulk handling. Net prepacks
are preferable to the other types of onion prepacks because they do not promote an
increase in relative humidity inside the package. Netting is available as a tube, which is
then loaded onto a metal tube on the packing machine. The prepack can be closed in two
alternative ways: The two ends can be closed using a metal clip, and a card label can
be attached simultaneously; or one end can be clipped and the other closed by stitching,
through a card label.

Plastic film bags are cheaper than nets if made from low-density polyethylene or
polypropylene films, but the shelf life of onions is likely less than in a net. The bags
must be perforated to assist air and gas exchange to counteract the increase in humidity
inside the bag as the onions respire. The recommended size of holes is 6 mm in diameter,
and the number of holes should not be less than eight in a 1-kg pack [15]. Methods for
filling the film bags range from manual to full automation, and a bunched closure using
adhesive tape is considered most appropriate.

Stretch-wrapped trays are used for prepacking a small number of pieces, usually four
to six. Depending on availability and price, the tray is available in a range of materials
such as clear plastic, expanded plastic, or molded pulp. The film is made from a special
formulation of PVC or polyethylene and is usually very thin (12–15µm) with a very high
vapor-transmission rate. The relative humidity inside the pack tends to rise, and packed
onions must be inspected regularly for onset of deterioration. The plastic film must be
heat-sealed and a range of equipment is available from manual to full automation. The
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packing requires electricity, and this limits the use of stretch wrapping in rural tropical
areas.

Other Systems
Many other methods of holding onions for transportation or storage are practiced that

cannot readily be classified under any of the previously discussed types of packaging.
Tying the bulbs together by means of their tops to produce a bunch of bulbs is

also a form of packaging. It is suitable for transporting small quantities of crop, and
during storage the bunches are hung from the roof or from special racks. This is partic-
ularly suitable for rural small-crop handling and marketing but is not compatible with
large-scale operations due to the high labor intensity and the need to hang the strings in
storage.

Shelves can be made from either wooden slats or metal mesh on a wooden or metal
frame and usually are fixed in position with the bulbs loaded and unloaded in the store.
Ventilation (natural or forced) usually is achieved by passing air over the shelves. To
achieve adequate aeration of the bulbs, the depth of bulbs on the shelves should be limited
to 10 cm.

Rather than in any container onions also are stored in loose bulk, with the bulbs heaped
directly on the floor or elevated platform. Because they are not restrained, the bulbs roll
during store loading to completely fill the storage space. Bulk storage permits maximum
utilization of store space, and uniform aeration is easier to achieve than in stacks of bags
or other rigid packaging. However, where bulk storage is to implemented the retaining
walls must be strengthened when storing larger quantities of bulbs, and arrangements
need to be made for rebagging before subsequent marketing. It also is difficult to inspect
bulbs regularly under these storage conditions. Loose bulk is most suitable for large-scale
operations in which forced ventilation is provided during long-term storage; however,
because of their softness, the sweet cultivars such as Vidalia Sweets should not be stored
in loose bulk.

2.3.6 Bulb-Storage Requirements

Preparation for Storage
The aim of storage is to extend the period of availability of crop, maintain optimum

bulb quality and, minimize losses from physical, physiological, and pathological agents.
During preparation for marketing and storage, selected bulbs should be firm and the
neck dry and thin; thick-necked bulbs should be discarded [18, 19]. Skin color should
be typical of the cultivar. Microbial infections such asAspergillus nigeroccur during
production of onions, but these only develop on the bulbs during storage if the storage
environment is conducive for their growth. Prior to storage, the crop must be cleaned
and graded, and all damaged or diseased bulbs removed. Careful harvest and prestorage
treatments with minimal mechanical loads are important to achieve a long storage period.
Storeroom temperature, relative humidity, and atmospheric composition influence the
length of storage that can be achieved without significant storage losses and reduction
of bulb quality.
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Table 2.14. Recommended refrigerated storage
conditions for onion bulbs

Temperature Relative Humidity Length of
(◦C) (%) Storage

−3–0 70–75 6 mo
−3 85–90 5–7 mo
−2 75–85 300 d
−2–(−0.6) 75–80 6 mo
−1–0 70–80 6–8 mo
−0.6 78–81 6–7 mo
0 75–85 6 mo
0 65–75 —
0 70–75 20–24 wka

0 70–75 —
0 65–70 1–2 mob

0 65–70 6–8 moc

0 — 230 d
0 70–75 or 90–95 Up to 120 d
0 80–85 30–35 wkd

1–2 80–85 30–35 wke

1 87 —
1.1 70–75 16–20 wkf

4 — 170 d
8 — 120 d
12 — About 90 d
20 — 25 d

Sources: [12, 18, 28].
a With 16.3% loss (red onion).
b Bermuda cultivar.
c Globe cultivar.
d With 14.2% loss (red onion).
e Superba cultivar.
f Optimum storage conditions, 7% maximum

water loss before becoming unsaleable.

Low-temperature Storage
Ranges of temperatures and relative humidities have been recommended for storage of

onions (Table 2.14). For successful low-temperature storage, good ventilation and a low
humidity level in the range of 70% to 75% is essential. For good-quality crop, the period of
storage varies but may be up to 200 days [18]. For maximum storage period and minimum
losses bulbs should be fully mature at harvest and dried until the “neck” of the bulb is
tight. For large-scale commercial storage, onions usually are stored under refrigeration,
and the most commonly recommended conditions are 0◦C with 70% to 75% relative
humidity. Regular ventilation and monitoring of both temperature and relative humidity
in the store are necessary to avoid significant fluctuations in environmental conditions.

During the first few days of bulb storage the fans should provide an adequate airflow
to remove water in the outer skins and to dry bruises. High airspeed is needed for a
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Table 2.15. Recommended refrigerated storage
conditions for Spring (green) onion

Temperature Relative Humidity Length of
(◦C) (%) Storage

0 95–98 —
0 90–95 A few days
0 90–95 2 wk
0 95–100 —
0–1 95–100 1–3 wk

Adapted from [16].

period of up to 1 week, until the skin of the upper onion layers in the bulk rustles. High
humidities will cause development of roots and promote rotting; higher temperatures will
result in sprouting and promote development of pathological disorders such asBotrytis
rots [28].

Bulbs freeze below−3◦C. Spring (green) onions store best at about 0◦C and very high
humidity (>95%) (Table 2.15). Maximum length of storage at these conditions varies
from just a few days to about 3 weeks. Low-temperature storage of onions can be achieved
under both ambient and refrigerated storage conditons; however, ventilation must be
applied carefully inside the store to achieve the required temperature and humidity levels
without inducing condensation of water on the surface.

High-temperature Storage
Onions also may be stored at high temperatures of over 25◦C at a range of relative hu-

midities (75% to 85%) that are sufficient to minimize water loss. Storage at temperatures
of 25 to 30◦C has been shown to reduce sprouting and root growth compared to cold
storage at 10 to 20◦C; however, weight loss, desiccation of bulbs, and rots occurred at
high levels, making the system uneconomic for long periods [4, 17]. High-temperature
storage of onions can be achieved under both ambient and heated storage conditons;
however, ventilation must be applied carefully inside the store to achieve the required
temperature and humidity levels.

Direct Harvest Storage System
Both low-temperature and high-temperature storage require that the outside layers

of the bulb be dried and the outer skin cured prior to onion storage. These can pose
problems in situations in which the climatic condition is unpredictable during the harvest
period, which can result in inadequate drying and conditioning of bulbs. To overcome
these problems, the direct harvest system has been developed and used extensively by
growers in the United Kingdom since the early 1980s. The bulbs are harvested while
green, topped, loaded into store, dried, and cured using a well-controlled ventilation
system, and thereafter they are held in long-term low-temperature storage as required
(Table 2.16). During stage I, removal of excessive surface moisture is achieved at high
airflow rates, ignoring the rh of the air. Stage II is completed when the skins have been
cured on the bulb. Adequate control of the storage condition at the various stages is
critical to the success of this storage system in maintaining required bulb quality.
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Table 2.16. Environmental regimens used direct harvest storage system

Humidity Airflow Rate
Stage Duration Temperature (%) (m3s−1ton−1) Comments

I 3–5 d 30–32◦C — 0.12 Removal of surface water
II 20 d 26◦C initially, 65–75 0.048 Removal of surface

(approximate) slowly reduced moisture, drying and
to 15◦C curing of the skins,

and sealing; completion
indicated by rustling of
skins when handled

III As required 0–5◦C 65–75 — Minimize respiration,
extended dormancy; up to
10 mo storage possible

IV 7 d Above dew 65–75 — Bulb warming to avoid
(approximate) point of air in condensation of moisture

grading shed during grading and
reduce susceptibility to
bruising; condensation
on bulb also reduces
appearance quality if dust
and dirt stick on bulb

Source: [15].

Table 2.17. Recommended controlled-atmosphere
composition for storage of onion bulbs

Carbon Dioxide Oxygen Temperature
(%) (%) (◦C)

0–5 1–2 0–5
0–5 0–1 0–5
5 3 1
5 5 4–5
10 3 4–5

Adapted from [16].

Controlled-Atmosphere (CA) Storage
A range of CA compositions in combination with cold-storage temperatures have

been reported for storage of onions bulbs (Table 2.17). Spring onions generally tolerate
higher CO2 and O2 levels than bulb onions. The levels of CO2 and O2 required also vary
depending on the storage temperature (Table 2.18).

Commercial CA storage of onion bulbs generally is limited partly because of vari-
able success and inconsistent results with bulb quality. However, high carbon-dioxide
(0%–5%) and low oxygen (1%–3%) levels in combination with low-temperature storage
have been shown to reduce sprouting and root growth [30, 31]. The combination of CA
storage (5% CO2, 3% O2) and refrigerated storage (1◦C) also resulted in 99% of the



           

Onion Storage 141

Table 2.18. Recommended controlled-atmosphere composition for
storage of Spring (green) onions

Carbon
Dioxide Oxygen Temperature
(%) (%) (◦C) Comments

5 1 0 Stored for 6–8 wk
0–5 2–3 0–5 Had only a slight effect
10–20 2–4 — —
10–20 1–2 0–5 Had only a fair effect but was

of limited commercial use

Adapted from [16].

onion bulbs being considered marketable after 7 months storage; however, 9% weight
loss occurred [32].

Response of onions to CA storage is cultivar-dependent, and it is recommended
that trials be conducted under local conditions to determine the appropriate level of
gas composition for storing local cultivars. In general, the pungency of pungent onions
increases after CA storage. For the Vidalia Sweets, which are known for their sweet-
ness and low pungency, the recommended storage conditions [33] are 1◦C, 70%
to 80% relative humidity, 3% O2, 5% CO2, 92% N2, and a ventilation rate of
5 m3·h−1·m−3.

Currently, the application of CA technology for onion storage is limited almost en-
tirely to the temperate climates in the developed countries. However, it has considerable
potential to reduce weight loss and extend storage life in tropical countries if technically
appropriate and economically feasible options can be implemented. Bulb weight loss
under CA conditions is about 1.5% per month compared with ambient storage losses (ex-
cluding rots and sprouting) of 2% to 3% in a tropical condition. Similarly, onion weight
loss was limited to 15% over 7 months of cool CA storage, compared with the 40% typical
of onions held under heated forced-air ventilated storage in a tropical environment [15].

Generalized Effects of Storage Regimes
The purpose of onion storage is to extend bulb storage life and minimize the loss of

quality. It is therefore important that both temperature and relative humidity (Fig. 2.31)
in the store are maintained at levels that inhibit sprouting and development of storage
pathogens as well as control excessive water loss from the bulbs, which results in shrivel
and weight loss.

2.3.7 Control of Storage Disorders and Diseases

During postharvest handling and storage, bulbs are susceptible to sprouting and a range
of diseases due to infection by microorganisms. If these are not adequately controlled,
considerable storage losses and reduction of quality attributes can occur. Bulbs may
sprout and also develop rots at higher storage temperatures or when they are removed
from store for marketing.
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Figure 2.31. Generalized effects of temperature and relative humidity on onion quality during
storage. (Source: [15])
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Control of Sprouting
Various chemicals and gamma irradiation have been shown to prevent sprouting of

onions during storage [4]. Application of doses of 20 to 30 Gy irradiation as soon as
possible after harvest prevents sprouting. The effectiveness is highly reduced if irradiation
is delayed [34]. A chemical sprout-suppressant called maleic hydrazide (MH) is the most
commonly used. Application of MH at 2500 parts per million on the growing crop a few
weeks before harvest prevents sprouting during storage of onions [4, 18] and thus extends
their length of storage. It is important to apply the chemical treatment during the period
of crop growth so that the chemical can be translocated to the apex of the growing point
towards the center of the bulb. Foliar application rates of 8.5 L·ha−1 at 10% fallover [19]
and 5.4 L of 36% active ingredient preparation in about 600 L of water per hectare when
30% to 50% of the tops have fallen over have been recommended [28].

Spray timing is critical but not less than 10 days before harvesting. Also, MH should
not be applied to very immature bulbs, because too much is absorbed into the growing
point, which then dies; this often is followed by a brown bacterial rot. Bulbs also remain
very soft. In any local situation, consult the manufacturer’s recommendation to determine
the appropriate time and application rate. It is important to note that the use of many
agrochemicals including MH is governed by legislation in several countries, and this
legislation must be consulted before chemical usage.

Control of Postharvest Diseases
The most important postharvest diseases of onions are neck rot or grey mold (Botrytis

allii Munn), basal bulb rot (Fusarium oxysporumSchlecht ex Fr), and black mould
(Aspergillus nigerVan Tiegh). Neck rot is a storage disease and is widespread where
onions are grown. It may develop at any point of the bulb, but it is most common on
the damaged neck tissues. Affected areas develop a brown soft rot followed by a dense
cover of grey–green powdery spores. Infection is seed-borne, and it has been suggested
that there is no bulb-to-bulb transmission during storage [35]. Control of the disease has
been accomplished by dusting seeds with benomyl at a rate of 1 g active material per
kilogram of seed before planting.

Basal bulb rot is a soil-borne disease that can affect onions at any stage of development
and causes death of seedlings, especially in warm climates. If the roots and basal plate
of the growing bulbs get infected at a late stage of development, external symptoms may
not appear until storage at ambient temperatures, during which affected bulbs quickly
develop a semiwatery rot and eventually become desiccated empty shells. The fungus is
thought to survive from season to season in the field on weed hosts. The development
of the disease in storage can be inhibited by holding the bulbs under refrigeration at 0 to
1◦C, and experimental trials have shown that dipping the seeds in suspension of benomyl
(1000 ppm) for 15 minutes gives some degree of control.

During storage, black mold is characterized by the appearance of black powdery
spore masses on the outer scales of the bulbs, especially along the vascular strands of
veins. The effect is not generally devastating, although localized spots can be severe.
In general, white onions are less susceptible than colored varieties, and the disease is
controlled during cold storage at 0 to 1◦C [28].
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2.3.8 Types of Storage Structures

Traditional Simple Shelters
Several simple onion-storage structures have been developed and modified over the

years such as mud, dung, and straw cottages commonly found in tropical developing
countries. The principal function of these simple shelters is to protect harvested crop
from the elements. These structures have a slatted wooden stage inside on which the
bulbs are piled up to about 1 m deep, and ventilation is achieved by the natural prevailing
wind passing through the structure. Square straw cottages are built on upright poles
driven into the ground. Nails are then driven into the poles, and bunches of onions,
plaited together by their tops, are suspended from these nails.

Windbreaks also provide a traditional method of storing onions in both developing and
developed countries, and up to 6 months of storage have been claimed by some farmers
[16]. They are made in the field from a wooden base that allows a space below the onion
stack and about 30 cm from the ground. Two parallel rows of stakes about 1 m apart are
driven into the ground around the wooden base, and wire mesh is stretched between the
stakes and across the two ends of the windbreak. The stakes should be slightly sloping
outwards and about 2 m high. Onions are then placed within the cage, topped with 15 to
20 cm of loose straw, and covered with polyethylene sheets (about 500-gauge), which
are tied down and weighted with bricks. To maximize ventilation and drying of bulbs,
windbreaks should be built with the longest axis at right angles to the prevailing wind.

In addition to existing traditional stores such as those built from straw (Fig. 2.32) a
variety of improved small-scale ambient structures for onion storage have been developed
in many tropical countries (Figs. 2.33–2.35).

Figure 2.32. Onion store built from straw. (Source: [28])



    

Onion Storage 145

Figure 2.33. Covered clamp raised from the ground. (Source: [36])

Figure 2.34. Improved design chawl for onion storage. (Source: [15])
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Figure 2.35. Improved naturally ventilated onion store. (Source: [36])

Ventilated Stores

Forced-ventilated Stores
Forced-ventilated stores use heated air for the drying and storage of onions. Heated air

from a fan-burner is channeled to the onion bin or storage chamber, which may be con-
structed of metal weld-mesh (Figs. 2.36–2.38). In these stores, uniform air distribution
is achieved by an arrangement of plenum chambers and laterals.

Night-ventilated Stores
These stores use the variation between night and day temperature to keep stores cool,

especially in hot tropical climates. The following features are important in the design
of a night-ventilated store [16]: It should be well insulated and the crop placed inside;
a differential thermostat should be installed to constantly compare the outside air
temperature with the inside store temperature; and a fan should be installed into the store
that is switched on when the outside temperature is lower than the temperature within
the store and switched off at night when the temperatures have equalized. Performance
evaluation of a night-ventilated onion store (Fig. 2.39) based on the above principles
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Figure 2.36. Forced-ventilated onion store. (Source: [37])

Figure 2.37. Low-cost, weld-mesh onion store. (Source: [38])
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Figure 2.38. Natural Resources Institute–designed onion storage bin. (Source: [15])

showed that onions could be maintained at an even temperature very close to the minimum
night temperature. Although total storage losses were high, they were lower than those
obtained using a traditional method of storage (Table 2.19).

Air-conditioned Stores
Onion-storage structures in this category can vary from well-insulated buildings

with heaters to prevent freezing to cold-storage rooms that provide constant airflow
temperatures, and to complete CA stores. In major producing regions in the developed
countries, a considerable quantity of onions are held in cold-storage warehouses located
in the large terminal markets. Refrigeration technology is used to keep these warehouses
at about 0◦C throughout the storage period, and the onions are moved out gradually into
the marketing channels [4].
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Table 2.19. Onion-bulb losses by storage method during
6 months’ storage

Storage Sound by Rotting Sprouting
Method Weight (%) (%) (%)

Straw cottagea 43 22 7
Night-ventilated storeb 58∗ 18c 4∗

Source: [16].
a Average 36.1◦C and 42% relative humidity.
b Average 33.1◦C and 60% relative humidity.
c Not Significantly different at P = .05.
∗ Significantly different at P = .01.

2.3.9 Design and Operation of Onion Stores [15]

Design Objectives
The key objectives in the design of onion stores are to provide a structure that will

protect the produce from environmental and physical hazards and contaminants; to fa-
cilitate handling, inspection, and stock control and provide safe working conditions; and
to minimize fixed and operating costs. To achieve these objectives, decisions need to be
made regarding store capacity and type of packaging (e.g., loose bulk versus bag), type
of ventilation system (natural versus forced), and the appropriate storage-environment
regime.

Determination of Store Capacity
The capacity of a store for onion storage depends on the type of packaging, which

in turn affects the specific bulk volume of onions. The eaves height of the store is
normally 1.5 m above the height of the crop. The range of specific bulk volume of
onions and thermophysical properties that influence store design and bulb performance
in storage are given in Table 2.20. The procedure for calculating the store capacity is as
follows:

1. Using store dimensions available for storage, determine the volume of onions that
can be filled: store length× width× desired depth of storage

2. Determine the quantity of onions capable of being held in store: volume of
bulbs/specific volume

A common design problem is to calculate the size of store required to store a given
quantity of bulbs. In this scenario, the following factors must be considered: volume of
stored onions, additional space required for loading and unloading, space required for
equipment to stand when the store is full, and the space taken up by ventilation
ducts. In practice, the design of an onion store usually is based on a combination of
factors that determine the feasibility of the store. Often, the resulting design is a compro-
mise among many factors affecting size, location, type of packaging, and construction
material. Based on the systems approach, flowcharts have been developed to assist in
choosing between bag and bulk storage, and for selecting store size, type, location, and
construction materials [15].
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Table 2.20. Thermophysical properties of onions

Property Value

Specific bulk volume
Dry topped 1.9 m3·ton−1

2.25–2.5 m3·ton−1

Wet untopped 2.9 m3·ton−1

Bags 2.5–3.0 m3·ton−1

Pallet-based bins 3.5–3.85 m3·ton−1

3.6–4.0 m3·ton−1

Water content
Dry 89.4%
Green 87.5%

Respiration heat
0◦C 9 W·ton−1

5◦C 15 W·ton−1

10◦C 21 W·ton−1

20◦C 24 W·ton−1

Specific heat 3.77 kJ·kg−1

Freezing point −0.8◦C

Adapted from [15].

Design of Aeration Systems
The provision of adequate ventilation is critical to safe storage of onions, and the store

should permit ventilation of the onions to remove the heat and moisture resulting from
bulb respiration. Otherwise, the build-up of these products of respiration will lead to
further increases in respiration and a rapid reduction of bulb quality. Often, the choice is
between natural- or forced-ventilation systems. The fan delivery for pallet-based stores
should be based on flow rate of 0.05 m3·s−1·ton−1 and static pressure of about 188 N·m−2.
The recommended airflow rates based on the direct harvest system practiced in the United
Kingdom, where bulbs are harvested green and placed directly into store, are shown in
Table 2.21.

Fans
Fans must be selected to provide adequate airflow rate against any backpressure in

the store. They may be required to ventilate the entire store or an isolated area in the

Table 2.21. Recommended airflow rates based on the U.K. direct harvest system for onions

Stage Ia Stage IIb Cooling

Airflow Pressure Airflow Pressure Airflow Pressure
Crop (m3s−1ton−1) (kN·m−2) (m3s−1ton−1) (kN·m−2) (m3s−1ton−1) (kN·m−2)

Field wilted 0.12 1–1.25 Not applicable 0.047 0.375
Direct harvested 0.12 1–1.25 0.047 0.375 0.047 0.375

Source: [15].
a Stage I, Initial drying of the bulb surfaces.
b Stage II, Continued drying with skin curing and healing of the necks.
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Table 2.22. Maximum permitted air velocities
in ventilated systems

Location Air Velocity (m·s−1)

Main duct 10
Lateral ducts 10
Inlet to fan house 5
Inlet to recirculation vents 5
Exhaust ventilator 5
Intake ventilator 7.5

Source: [15].

store. Fans should be capable of providing an airflow rate of 0.047 m3·s−1·ton−1 of total
store capacity against a back pressure of 375 N·m−2 (see Table 2.21). If rapid drying
is required at the beginning of storage, this guideline also allows a higher airflow rate
of 0.12 m3·s−1·ton−1 to be applied against a back pressure of up to 1250 N·m−2 to one
third of the store. In general, single axial-flow fans are used for most vegetable stores up
to 200 ton, but in larger stores, a pair of matching axial fans are used, enabling the fan
output to be matched to the area under ventilation.

Within the ventilation system, maximum air velocities exist at different locations
(Table 2.22). The size of ducts and ventilators should be chosen to ensure that the
maximum air velocities are not exceeded, and the cross-sectional area is calculated as
the ratio of the total airflow (m3·s−1) to the maximum permitted air velocity (m·s−1).

Main Ducts
These must be sized to meet the air delivery required but should not be less 1.3 m high

and 0.8 m wide to allow access for the operator. Access doors should have minimum
dimensions of 0.6 m× 0.9 m. The main ducts or plenum chambers must be capable of
withstanding the forces exerted by the air, and the loads imposed by the onions, if used
as a retaining wall. As a design guide, every 250 N·m−2 of air will exert 25.5 kg·m−2

force on the walls, with an additional 160 kg·m−2 lateral thrust for every meter depth
of onions. Controlled roughening of the internal surfaces of the main duct will create
sufficient turbulence to reduce the development of static pressure regain in the main duct.

Lateral Ducts
As with main ducts, these should be sized to ensure that air velocities do not exceed

10 m·s−1. Lateral ducts should be limited to 10 m in length, and typical cross-sectional
areas for most root vegetables are 0.17 m2 per meter length of lateral. Over 10 m length,
lateral ducts should be tapered to increase the pressure further back along the lateral,
thereby reducing the pressure gradient along the length. Table 2.23 gives a useful guide
for determining the amount of tapering to reduce static pressure regain.

Positioning of Ventilators
To achieve maximum benefits, it is important that ventilators are well positioned

to remove relatively high-temperature air (Fig. 2.40). High-level ventilators are more
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Table 2.23. Tapering of laterals to reduce static
pressure regain

Ratio Cross-sectional Areas
Duct Length (m) (inlet:outlet, m2)

10 7:1
15 10:1
20 13:1

Source: [15].

Figure 2.40. Positioning of ventilators within onion stores. (Source: [15])

effective than those positioned lower down, because warm air rises within the store.
However, low-level ventilators will help to provide air movement throughout the store
and stacked product if high-level ventilators are installed. Installing weld-wire mesh
across all openings reduces security risk to product, and finer mesh should be used to
exclude infestation by rodents and birds.

Systems Approach to Onion-store Management
The design and operation of efficient onion-storage system to maintain postharvest

quality is often a compromise between optimum environmental requirements and the
selection of store type, size, and location. A systems approach therefore is recommended
to assist in the selection of appropriate storage systems based on a consideration of the
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Figure 2.41. Decision tree for selection of store size, type, location, and materials for bulb onions.
(Source: [15])

interrelated factors of environmental conditions, site, materials, technical assistance, and
skills (Fig. 2.41).
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2.4 Cassava Storage
Linus U. Opara

2.4.1 General

Terminology
Cassava (Manihot esculentaCrantz) also is calledyuc(c)a(Spanish),mandioca(Por-

tuguese),tapioca, manioc(French), andketella, ubi kayu, orkaspein Indonesia. Cassava
belongs to the familyEuphorbiaceae. Many varieties are cultivated in the tropics, includ-
ing improved high-yield cultivars developed at the International Institute for Tropical
Agriculture in Nigeria, Centro International de Agricultura Tropical in Colombia, and
other research centers. Several varieties of cassava are cultivated in many parts of the
world, and these can be classified into two groups (sweet and bitter) based on the lina-
marin content of the roots [1]. In practice, the difference between the two groups is often
obscure. Each cassava stem usually bears multiple tubers (Fig. 2.42).

Figure 2.42. Cassava plant morphology showing tubers.
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Economic Importance
Cassava originated in Latin America and is now cultivated in almost all parts of the

world. Total world cultivated area is about 15.76 million ha, of which 9.30 million ha are
in Africa and 3.79 million ha in Asia. In the early 1990s, world production of cassava
was approximately 140 million ton, and the top producers were Brazil, Thailand, Zaire,
Nigeria, Indonesia, Tanzania, Uganda, India, Paraguay, and Mozambique. Current global
annual production is estimated to be over 152.22 million ton, of which about 46.28%
is produced in Africa, 33.66% in Asia, and 19.28% in South America. Average annual
world yield has been estimated to be 9.66 ton·ha−1, and experimental yields of over
60 ton·ha−1 have been recorded [2].

During the period from 1988 through 1990, developing countries produced 149 mil-
lion ton of cassava, and between 1961 and 1988 production increased by 100%. Also,
during the period from 1961 through 1988, the area in cassava production increased by
about 50%, and yields increased by 32% [3]. During the past four decades, the output of
cassava has grown much faster in Africa than in the other major producing regions, due
mainly to increases in cultivated area (Table 2.24).

Cassava ranks as the most important root crop in terms of world production, ahead
of the sweet potato. It is also the most important root crop in most tropical countries
and provides the major source of dietary calories for about 500 million people in many
developing countries in Africa, Latin America, and Asia. The roots are used as food
for humans and livestock, and leaves of many cultivars are used as vegetable. Many

Table 2.24. Cassava production, area, and yield in developing countries

Total Sub-saharan Africaa Asiab Latin Americac

1988–1990
Production (×1000 ton) 149,193 65,344 52,836 31,013
Area (×1000 ha) 15,074 8,440 4,013 2,621
Yield (ton·ha−1) 9.9 7.7 13.2 11.8

Changes in production
1973–75 vs. 1961–63 41.2 35.2 61.4 33.4
1988–90 vs. 1973–75 41.3 49.6 74.7 −2.1
1988–90 vs. 1961–63 99.5 102.3 181.8 30.6

Changes in area
1973–75 vs. 1961–63 28.4 25.3 27.0 39.1
1988–90 vs. 1973–75 17.8 18.4 36.5 −3.7
1988–90 vs. 1961–63 51.3 48.3 73.4 33.9

Changes in yield
1973–75 vs. 1961–63 9.9 7.9 27.1 −4.1
1988–90 vs. 1973–75 19.9 26.4 27.9 1.7
1988–90 vs. 1961–63 31.8 36.4 62.6 −2.5

Source: [3].
a Not including Algeria, Egypt, Libya, Morocco, Tunisia, and South Africa.
b Not including Israel and Japan but including Oceania (except Australia and New Zealand).
c Including Central, North (except Canada and the United States), and South America.
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cultivars can be cooked and eaten fresh or processed into secondary food products.
Industrial uses of cassava includes starch extraction and incorporation into animal feeds.
Cassava is an important export commodity in some countries, such as Thailand, where
it is grown mainly for export in processed products. In Africa, cassava is important
not just as a subsistence or food-security crop but also as a major source of income for
producing households [4, 5]. It is grown in every country on the continent, but cultivation
is concentrated in the humid tropical regions. Annual production in Africa is about 48
million ton, and this translates into an estimated average of more than 200 cal per day
for 200 million people [6]. In parts of Central Africa, cassava constitutes over 50% of
the average staple food consumed.

The nutritional value of cassava is important in the diets of many rural and urban
areas in the tropics, especially in Africa, Asia, and Latin America. It is estimated that
the crop provides about 40% of all calorie intake in Africa [7]. In general, cassava often
has been considered an inferior food in many parts of the world because the fresh tuber
has a high carbohydrate content (35%) but is low in crude protein (<2%) and essential
minerals and vitamins, and even potentially toxic [8, 9]. The leaves also are consumed as
a vegetable, and they provide a good source of protein and essential nutrients. In many
parts of sub-Saharan Africa in particular, cassava is the major food source, especially
where drought and lack of good agronomic inputs preclude the cultivation of other crops.
In marginal agricultural lands, the carbohydrate yields of cassava are high compared with
other crops.

Postharvest losses are high because cassava roots are extremely perishable once de-
tached from the plant material. This can be attributed to their high moisture content (50%
to 70%) and high respiratory rate, because the resultant heat production softens the tissue.
These physiological changes (see Section 2.1) lead to deterioration, and subsequently
rot and decay may occur. Mechanical damage during harvesting and postharvest han-
dling provides an avenue for microbial infection of tubers and thereby renders the crop
unsuited for long-term storage. Postharvest losses also can result from specific infection
by fungi and bacteria, which cause decay of cassava tubers [10], and from attacks by
rodents, insects, and nematodes. Inadequate storage structures can results in substantial
losses due to high weight loss and microbial infection (Table 2.25).

Table 2.25. Cassava weight losses after 25 days in
different storage structures

Weight Loss by Decay
Type of Structure and Shrinkage (%)

Permanent building 98.7
Dark room wooden building 86.8
Local building 92.2
Pit 64.0
Trench 91.1

Source: [11].
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Cassava roots are particularly more perishable than other tuber crops because they do
not exhibit endogenous dormancy (see Section 2.5), have no function in propagation, and
possess no bud primordia from which regrowth can occur [12, 13]. Food and Agricultural
Organisation (FAO) surveys estimate that losses of cassava roots in Brazil, Indonesia,
and the Dominican Republic were 10%, 10%, and 24.4%, respectively. Studies in the
Dominican Republic estimate that 17.4% of the cassava root marketed fresh was lost
before it could be consumed, although it remained only 1 or 2 days at the wholesale
level of the market chain [14]. In 1978, it was estimated that global postharvest losses
of cassava amounted to 10% of production [15]. Despite the predominant position of
cassava among all other root and tuber crops, the poor postharvest storage life is a major
economic constraint in its utilization.

2.4.2 Maturity, Harvesting, and Yield

Root Maturity
The maturity of cassava roots varies among the different cultivars. In general, the roots

mature in 9 to 24 months after planting. Some low-yielding, quick-ripening varieties can
be harvested a period of 6 months after planting. Mature cassava roots can be harvested
year-round. During the growing season, both root and starch production increase rapidly
to their maximum value, and they decline afterwards. Where possible, harvesting should
be timed to correspond with the period of maximum value of the desired root attribute.
Leaving the roots in the ground for too long could lead to lignification, which manifests
in a tough, woody tissue.

Harvesting
Harvesting usually is carried out manually by digging around the roots, plucking the

roots individually, or lifting the entire bunch attached to the stem. In light soils, the
entire root can be lifted by pulling the stem. In some places, the stalks are cut 40 to
50 cm aboveground by hand or machine the day before harvest. Planting material for the
next season is selected and the rest is burned. Cassava roots are highly perishable, and
harvesting must be carried out carefully to avoid damage to the roots.

In some parts of southeastern Nigeria where food supply is inadequate and cassava
is the main crop, some rural farmers harvest their crop twice. In this situation, the first
harvest is often after the rainy season. A modified form of double harvesting also is
adopted by some farmers to ensure that good-quality planting materials are left intact
until the beginning of the next growing season. Many experimental designs of mechanical
harvesting devices have been developed [16], but these have limited application for most
of the rural subsistence farmers who cultivate a large proportion of the total production.
In many cassava-growing areas, the leaves are harvested as a source of food and cash.
Multiple harvesting up to twice per week has been reported [17], but this practice could
adversely affect root yields due to decreased photosynthetic activity.

Root Yield
Root yields are variable depending on a combination of genetic, environmental, ma-

turity, and crop-management factors. Improved varieties can yield 1.5 times more than
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Table 2.26. Yield components of cassava in Nigeria

Fresh Root Plant Density Average Root Harvest
(ton·ha−1) (stand·ha−1) Weight (kg) Roots per Plant Index

Improved Variety
Minimum 3.20 1250 0.09 3.15 0.30
Mean 19.44 9595 0.45 6.17 0.59
Maximum 36.00 20000 1.14 35.68 0.89
SD 8.32 4702.92 0.23 5.49 0.14
N 34 34 34 34 34

Local Variety
Minimum 1.25 1250 0.05 0.37 0.32
Mean 13.41 10586 0.38 4.03 0.56
Maximum 74.10 41250 1.69 12.19 0.89
SD 10.02 5170.50 0.25 2.01 0.13
N 105 105 105 105 105

Source: [5].

local varieties (Table 2.26). Between 10 and 24 months after planting, yields up to 11.0
to 17.0 ton·ha−1 and 17.0 to 19.0 ton·ha−1 are possible with local and improved varieties,
respectively [5]. The improved varieties also have better yields than the local varieties
in an intercropping pattern commonly practiced in many tropical developing countries.
The yield of sole-cropped improved varieties (23 ton·ha−1) was 40% higher than crops
grown under an intercropping pattern as major crops (16.6 ton·ha−1), and nearly 95%
higher than when they were grown as minor crops (12.1 ton·ha−1). Yields among the
world’s major producing regions are shown in Table 2.24.

2.4.3 Handling, Curing, and Packaging

Cassava roots, especially the “sweet” types, are highly susceptible to physical in-
jury such as bruising. Bruised tissue turns greyish. In addition to the downgrading of
roots, bruising accelerates physiological deterioration and also provides an avenue for
opportunistic infection with decay-causing microbial agents. To reduce impact and com-
pression damage, roots should be harvested with 2 to 3 cm of stem attached. Careful
handling of roots also is required.

Curing refers to the process of wound healing with the development and suberization
of new epidermal tissue calledperiderm. Cassava roots are cured at high humidity levels
to improve potential storage life. The recommended conditions are 30 to 40◦C and 90%
to 95% relative humidity for 2 to 5 days [18].

For long-distance transportation, roots should be packaged adequately for ease of
handling and to reduce the incidence of damage. Full-telescopic fiberboard boxes, 23 kg
with excelsior or paper wrapping and padding, should be used where they are available
[19]. Packaging in moist materials such as sawdust or in wooden boxes allows curing
and storage of fresh cassava roots for 1 to 2 months [20]. Only roots in top quality
condition should be packaged and stored. Desirable attributes include thick root, brown
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skin, white flesh, and root length of 15.9 to 25.0 cm. Roots in top-quality condition have
a longer storage and shelf life and therefore allow more time for transportation, storage,
and marketing.

2.4.4 Storage Environment Requirements

Storage of Fresh Root
Fresh cassava roots are highly perishable and can suffer serious physiological dete-

rioration within 24 hours after harvest. The common practice in most producing areas
is to consume them close to the place of production by selling or processing the har-
vested roots immediately. Fresh cassava roots can be stored in the ground by delaying
harvest of mature crop until needed. When mature roots are left in the ground, the
older roots tend to become fibrous and woody [20]. Roots also can be harvested and
reburied in a cool place for short storage or held in modified environments in specially
built storage structures. A moist storage environment is essential to control primary
deterioration [21, 22]. Delaying harvest provides long-term storage, because posthar-
vest storage of fresh cassava often is a short-term strategy due to its highly perishable
nature.

Storage at ambient conditions is the most widely practiced for cassava roots. However,
these conditions promote rapid deterioration of roots, and several postharvest treatments
have been recommended to prolong storage life and minimize the incidence of diseases
and disorders.

Cassava roots store fairly well under refrigeration. Cassava is the only root that tol-
erates low temperatures and can be stored at 0 to 2◦C for up to 6 months [23]. The
roots will last for 1 to 2 weeks at 5.5 to 7◦C and 85% to 90% relative humidity in
storage. Storage at 20◦C and above with high humidity results in large losses. Several
combinations of storage temperature and relative humidity have been recommended
(Table 2.27). The optimum storage requirement depends on variety, climatic conditions,

Table 2.27. Recommended storage conditions
for cassava (Manihot esculenta)

Temperature Relative
(◦C) Humidity (%) Storage Life

0 85 23 wk
0–2 85–90 5–6 mo
0–2 85–90 Several mo
0–5 85–90 1–2 mo
0–5 85–95 ≤6 mo
1 90 5–6 mo
5–8 80–90 2–4 wk

10 90–95 10–14 d
13–14 — 9 d
20 60 2–4 wk

Sources: [18, 24–30].
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and incidence of mechanical damage during harvesting and handling operations. A ben-
eficial effect of refrigerated storage is to slow down the physiological and pathological
processes that lead to deterioration, and losses include visual and organoleptic quality
attributes. For most cultivars, the roots store well at 0 to 5◦C with 85% to 90% relative
humidity [31, 32]. Storage at 3◦C created losses of 6% to 7% per week, while storage
at 1.7 to 3.3◦C and 80% to 90% relative humidity for 2 weeks resulted in an 11% loss.
Stored roots also had internal browning and mold growth [33]. Precooling of roots by
hydrocooling or forced air is recommended for refrigerated long-term storage. Cassava
is not susceptible to chilling injury as are other tropical root crops if held at too low a
temperature [34].

Storage of Processed Cassava Products
Adequately dried products can be stored up to 3 to 6 months provided insect infestation

is controlled [31]. The storage life and keeping quality depend on the moisture content of
the product. For dried chips, the moisture content normally should be less than 14%, and
polythene-lined jute bags can be used successfully to store the chips. For cassava flour, it
is advisable to store dried chips and mill them when flour is required. The milled product
then can be stored in thick-gauge airtight plastic bags. Moisture and insect ingress into
the package must be prevented.

2.4.5 Postharvest Treatments

Treatment of freshly harvested roots with sodium hypochlorite, or dipping in fungi-
cides such as benomyl or Thiabendazole, and packing them in plastic reduces the
development of storage rots and decay [35]. Cassava roots also can be stored in good
condition for 1 to 2 months at ambient room temperature following coating with paraffin
wax [36]. This wax treatment is applied on roots destined for export market in some
parts of the Latin America. Both hot-air and hot-water treatment of roots minimize the
incidence of vascular streaking during storage [37]. Modified atmosphere packaging of
cassava roots with polyethylene bags at ambient conditions can be useful to maintain
their freshness for several weeks [38, 39].

2.4.6 Storage Disorders and Diseases

Cassava is susceptible to several pre- and postharvest disorders, pests, and diseases.
Well-illustrated texts devoted to the problems of field and postharvest diseases and
disorders of cassava are available [25, 40]. Fungal root rot is a major cause of both pre-
and postharvest microbial deterioration, but bacterial soft rot also is quite common. There
are three principal types of preharvest root rots: generalized pungent soft rot caused by
Phytophthoraspp., generalized nonpungent rot caused byPythiumspp., and localized
rot caused by smallpox root disease. The most common problems in stored cassava roots
are rots and vascular streaking.

Vascular streaking, also described as “blue vein” [41], results from physiological
deterioration and is followed by secondary microbial rotting. Physiological deterioration
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manifests as soft deterioration or fermentation, with brown streaking of the vascular
strands; microbial deterioration of cassava roots manifests as circular, dry deterioration,
with brownish-black streaking of the vascular strands.

Cassava-root rot is encouraged by warm moist conditions and poor ventilation. Vas-
cular streaking occurs as a result of stress produced by high rates of water loss from
physical injury [42, 43]. The onset of root deterioration is accompanied by increases
in respiration and ethylene production [44]. The culinary and taste qualities of affected
roots are adversely impaired. Susceptibility to vascular streaking varies considerable
among cultivars [45].

Postharvest rots and decay can be controlled by low-temperature storage or by fungi-
cide treatment applied immediately after harvest [46]. If the responsible fungus is tolerant
to low temperatures, postharvest fungicide treatment offers the principal control strategy
[47, 48]. Discoloration of roots due to vascular streaking can be inhibited by heating
the roots for a short period of time prior to storage, or by hot-water immersion [37].
Postharvest treatments and storage practices that minimise moisture loss, such as curing,
waxing, cold storage, and high-humidity modified atmosphere packaging (MAP) are
beneficial in reducing the development of vascular streaking. Coating the roots with a
paste of earth and mud can preserve their freshness for periods of 4 to 6 days. Gamma
irradiation of roots also can be beneficial [49].

Preharvest practices such as drastically pruning the aerial parts of the plant 2 to 3 weeks
prior to harvest prolongs the storage life of roots and thereby reduces the susceptibility
of roots to vascular streaking [23, 37]. Where this is practiced, it is recommended that
a short “stub” of stem be left intact with the harvested roots to avoid cutting the roots
and to minimize postharvest handling and the associated physical damage. To minimize
root rot, preplanting and prestorage treatment of cassava stake with different chemical
formulations has been recommended (Table 2.28).

Table 2.28. Chemical formulae suggested for stake treatment before planting and storage

Amount of
Trade Common Parts per Commercial Product
Name Name Million per Liter of Water

Formula no. 1 Dithane M-22 Maneb — 2.22 g
Antracol Propineb — 1.25 g
Vitigran 35% Copper oxychloride — 2.00 g
Malathion W.P. 4% Malationa — 5.00 g

Formula no. 2 Malathion E.C. 57% Malathion E.C. 1000 1.5 cm3

Bavistin W.P. 50% Carbendazim 3000 6 g
Prthocide W.P. 50% Captan 3000 6 g

Formula no. 3 Orthocide W.P. 50% Captan 3000 6 g
Bavistin W.P. 50% Carbendazim 3000 6 g
Aldrin 2.5% Aldrin — 1 g/stake

Source: [40].
Note: 1000 ppm = 1 g per liter of active ingredient of the product.
a With E.C. 57% use 1.5 cm3.
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Figure 2.43. Cassava stored in trench with complete
soil cover.

Figure 2.44. Fully filled trench under thatch shed.

2.4.7 Types of Storage Structures

Traditional Structures
Burying harvested roots underground is a common storage method. Roots also are

piled in heaps and watered daily to keep fresh. Several types of storage structures have
been used, ranging from pit and trench (Fig. 2.43) to bamboo-thatch room (Fig. 2.44)
and permanent building. Weight loss and microbial losses are high in these structures
(see Table 2.25), due to poor environmental control.

Improved Storage Structures
Several structures and methods have been utilized to improve the storage life and

minimize spoilage of cassava roots. Two low-cost structures that can be implemented
successfully by farmers and processors [50] are: trenches and boxes containing sawdust
(Fig. 2.45). In either structure it is recommended that cassava roots should be harvested
undamaged with about 14 to 20 cm of stem attached. Roots in sawdust storage should
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Figure 2.45. Boxes containing sawdust
for cassava storage.

be inspected every 3 days to ensure that sawdust is kept moist, while the top soil layer
of the trenches should be moistened regularly once a week with clean water. In either
structure cassava roots can be successfully stored for 6 to 8 weeks. If large quantities
of cassava roots need to be stored, it is economical to make several trenches under the
same shed. Details of the construction materials and storage procedure can be found in
refs. [49] and [50].

“Damp storage” structures developed by Centro International de Agricultura Tropical
also have given good storage results, especially for small farmers. A pile of roots is
covered by straw and then soil, and ventilators then are used to reduce temperature in
the pile during the hot dry season. The damp condition in the pile enables 75% of the
root to be stored for a month or more [17].

2.4.8 Agroprocessing of Cassava Roots

Agroprocessing of cassava roots is necessary to produce staple products and industrial
raw materials (Fig. 2.46). As part of the postharvest food chain, the primary objectives
of cassava processing are to circumvent poor storage, eliminate undesirable constituents
(mainly cyanide), and improve organeloptic properties. Cassava is processed and eaten
in many forms: boiled as a vegetable; sliced, dried, and milled into flour; or grated and
garified to produce gari, which is the most popular cassava product in West Africa.
Many other food products are made from cassava roots, but the principal products are
cassava flour and gari. The cooking and processing operations are necessary to reduce the
toxicity due to naturally occurring cyanide (prussic acid), which is produced following
the rupture of the cells of root tissue.

The traditional methods of gari and cassava-flour preparation are shown in Fig 2.47.
In gari production, freshly harvested cassava is peeled, washed, grated, and allowed to
ferment for 4 days, after which the pulp is sieved and roasted in a pan to a moisture
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Figure 2.46. Flowchart for agroprocessing of cassava into food products and raw materials.

content of about 10.5%. In general, gari yield is about 25% by weight of the unpeeled
roots. In cassava-flour production, the tubers are peeled, sliced, soaked for 24 hours, and
dried in the sun for 7 days to a moisture content of about 12%. In general, the drying
is carried out in the sun or in the oven until the moisture content is reduced from 60%
or 70% down to 10% to 14% [51]. The dried cassava slices are then dry-milled and
bagged.
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Figure 2.47. Traditional processes for
production of cassava flour and gari.

Peeling is a critical unit operation in cassava processing because of its role in detox-
ification of the root. The average hand-peeling rate is about 25 kg per hour, with a loss
of about 25% to 30%. The loss is higher (30%–40%) with mechanized peeling with a
hand-trimming system. Because cassava root is made up of about 15% peel, with a total
cyanide content of about 950 mg·kg−1 (fresh-weight basis) in the peel and 35 mg·kg−1

in the flesh, peeling alone removes about 83% of the total cyanide content. Peeling
(including the cork layer) accounts for 10% to 20% of the total weight of roots.

The principal nonfood products made from cassava roots are industrial starch and
chips for animal feed. The characteristics of cassava starch and its derivatives make it
suitable for application in many industries including textiles, paper, pharmaceuticals,
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Figure 2.48. Unit operations for
production of cassava starch.

and manufacture of batteries. Cassava flour can substitute for up to 10% to 30% of wheat
flour in bread. This is of particular interest because the nearly zero fat content enhances
storage life of the product. Cassava flour is also a good substitute for cereals in broiler
chicken rations at levels as high as 70%, and layers can be fed up to 50% cassava meal,
provided that their diets are well balanced in other nutrients [49]. In swine production,
the digestibility of cassava-based diets is equivalent to or even better than cereal-based
formulations.

The principal operations instarch production from cassava roots are shown in Fig. 2.48.
Prior to drying, the starch collected from the sediment tanks contains about 45% to
50% moisture, and this needs to be friedto 10% to 13% for safe long-term storage.
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Evaporative drying in the open air or in ovens is preferred. During sun drying, 1 to 2
days will be sufficient in the dry season to reduce the moisture content to a safe level. If
oven drying is used, the drying temperature should be kept below the gelatinization tem-
perature of starch granules. Normally, a drying temperature of 50 to 60◦C is sufficient.
A summary of the mass balance at each processing stage for gari production is shown in
Fig. 2.49.

Considerable success has been achieved in various cassava-growing areas in the mech-
anization of processing operations for gari and flour production. Commercially available
machinery and processing techniques are well documented for both rural and indus-
trial processing [3, 9, 16, 17, 52, 53],including cost estimates [49]. Typical equipment
used for gari production, from tuber peeling to garification, are shown in Figs. 2.50
and 2.51.

2.4.9 Nutritional and Engineering Properties

Nutritional Properties
Cassava root is a good energy source, containing high quantities of carbohydrate and

water. Contents of protein and minerals are small (Table 2.29); dry-matter content of the
fresh root is about 40%.

Physicochemical Composition
Cassava tubers consist of a fibrous peel (10%–15% of tuber weight) and a core

(Fig. 2.52) which is the main storage region for starch. The peel has only about 50%
the starch content of the core (Fig. 2.53). Cassava contains two cyanogenic glucosides
(linamarin and lotaustralin), which upon hydrolysis produce the very toxic cyanide.
Linamarin is present in much larger quantities, usually up to 90% of the total [57], and
the normal cyanogen content of cassava roots varies between 15 and 400 mg HCn per
kilogram fresh weight [58]. Variety and environmental and cultivation practices affect
the concentration in roots, and there is also considerable variation in the distribution of
the glucosides within the single root. The cyanogenic glucosides increase from the center
of the tuber outward, with the highest HCn content in the peel [59]. The presence of
residual cyanide in improperly processed cassava foods contributes to the development
of goiter and spastic paraparesis, which are endemic in several regions in Africa [7]. The
leaves generally contain 5 to 10 times more cyanide than the tubers. The cyanide content
can be established only by chemical analysis of the leaf or tuber [1, 60], and not by any
particular morphological or organoleptic attributes.

In addition to the nutritional and antinutritional properties of starch, there are some
physicochemical characteristics of cassava roots that are relevant to the identification of
processing and value adding. These are summarized in Table 2.30.

Thermophysical and Rheological Properties
The thermophysical and rheological properties of cassava root affect the utilization

and options in processing. The principal properties in this regard are starch-grain size,
starch-extraction rate, viscosity, and gelatinization temperature (Table 2.31).
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Figure 2.49. Mass balance for production of gari.



   

(A)

(B) (C)

(D) (E)

Figure 2.50. Various equipment used for gari production. A, cassava peeler and washer;
B, saw-blade drum grater; C, vertical shaft plate grater; D, typical cassava grater; E, screw-type

cassava mash press. (Sources: [49, 54])
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(A)

(B) (C)

(D) (E)

Figure 2.51. Equipment used for gari production. A, Hydraulic jack press; B, vibrating sieve;
C, wood-fired gari fryer, D, drum fryer; E, gas-fired gari fryer. (Sources: [49, 54])
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Table 2.29. Average nutritional composition
of fresh cassava (wet-weight basis)

Per 100-g
Component Edible Portion

Food energy 146 cal
Water 62.5 g
Carbohydrate 34.7 g
Protein 1.2 g
Fat 0.3 g
Calcium 33 mg
Iron 0.7 mg
Vitamin A Trace
Thiamine, B1 0.6 mg
Riboflavin, B2 0.03 mg
Niacin 0.6 mg
Vitamin C 36 mg

Source: [55].

Table 2.30. Some physicochemical properties of
cassava roots relevant to its use as raw material

for agroprocessing and value-adding

Property Quantity

Dry matter 30%–40%
Starch 27%–36% FW
Total sugars 0.5%–2.5% FW
Protein 0.5%–2.0% FW
Fibre 1.0% FW
Lipids 0.5% FW
Vitamin A 17 g/100 g FW
Vitamin C 50 mg/100 g FW
Ash 0.5%–1.5% FW
Energy 607 kJ/100 g
Antinutritional factors Cyanogens

Source: [3].

Table 2.31. Some thermophysical and rheological
properties of cassava roots

Property Quantity

Starch extraction rate 22%–25%
Starch grain size 5–50 µm
Amylose 15%–29%
Maximum viscosity 700–1100 BU
Gelatinization temperature 49–73◦C

Source: [3].
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Figure 2.52. Sections through a cassava tuber. (Source: [56])

Figure 2.53. Transverse section showing relative size of starch grains in cassava root. (Source: [7])

Physical and Mechanical Properties
The physical and mechanical properties of agricultural and food materials are impor-

tant parameters for designing handling and processing equipment. Typical cassava tuber
geometry is shown in Fig. 2.54, with maximum tuber cross-sectional diameter occurring
towards the stem region. Values of relevant physical properties are shown in Table 2.32.
The coefficients of friction and rolling resistance (Table 2.33) between cassava tuber
and various surfaces have been quantified. Mechanical properties relevant to the design
of a cassava peeler also have been reported (Table 2.34). A range of other engineering
properties of cassava tubers essential for design calculations for the mechanization of
various agroprocessing operations or analysis of industrialization processes and systems
also have been reported (Table 2.35).
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Table 2.32. Physical properties of cassava tubers relevant to peeler design

Property Minimum Value Maximum Value Average Value Standard Deviation

Length (mm) 190 490 316.6 47.97
Weight (kg) 0.4 2 1.18 0.70
Diameter

Big end (head) 34.8 82.9 60.40 10.38
Midway 19.6 65.1 46.60 9.76
Tail end 16.0 54.8 35.5 13.74

Peel thickness
Big end (head) 1.1 2.8 1.9 0.40
Midway 1.0 2.3 1.6 0.36
Tail end 0.8 1.9 1.4 0.34

Source: [62].

Table 2.33. Average coefficients of friction and rolling resistance of cassava tubers on
different surfaces

Coefficient of Friction Rolling Resistance Coefficient

Wood Mild Steel Aluminum Wood Mild Steel Aluminum

Periderm 0.663 0.577 0.404 7.66 7.65 6.33
Cortex 0.577 0.532 0.344 7.41 7.29 6.42
Flesh 0.404 0.364 0.213 6.89 6.89 6.09

Source: [62].

Table 2.34. Some mechanical properties of cassava tubers

Unpeeled Tuber Peeled Tuber

Poisson’s ratio 0.38 —
Shear stress (N·mm−2) 3.22 0.28
Peeling stress (N·mm−2) 0.30 —
Cutting force (N) 500 140
Rupture stress (N·mm−2) 0.95 0.70

Source: [62].

Figure 2.54. Typical cassava tuber geometry. (Source: [61])
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Table 2.35. Some engineering properties of cassava roots and methods of determination

Description (Mean Value) Method of Determination

Shape Spindle shaped; elongated ovoid; Comparison with known
barrel shaped with rounded ends; geometrical shapes
conical with rounded ends
(conical with rounded ends)

Roundness of transverse 0.65 to 1.0 (0.85) Actual area of section area
section of circumscribing circle

Length 10–55 cm (25 cm) Direct measurement
Average straight length 10 cm Direct measurement
Maximum diameter 2.5 to 15 cm (6.3 cm) Direct measurement
Mass of individual tuber 25 to 4000 g (175 g) Direct measurement
Mean specific gravity of 1.025 Water displacement

whole root
Moisture content Tail and midportion: 85% to 93% (w.b.) Aerated oven

Head portion: 78% to 86% (88%) (w.b.)
Solid density 1.92 to 2.3 g·cm−3 (2.0 g·cm−3) Air comparison pycnometer

using ground bone-dry
tubers, average
particle size 250 µ

Thickness of outer periderm 0.25 to 0.3 mm Instron testing machine,
time-displacement
recording

Thickness of cortex 1.0 to 2.0 mm (1.5 mm) Instron testing machine,
time-displacement
recording

Modulus of deformability 3.45E+06–4.82 E+06 Pa Tangent to stress–strain
or apparent modulus curve at designated stress

Bioyield strength (9.3E+05 Pa) Force–deformation curve in
a compressive test

Shear strength Medullary zone: 6.76E+05 Pa Double shear test using
Central pith zone: 96E+05 Pa Instron testing machine
Section with chord: 2.14E+06 Pa

Specific heat (0.94 J·kg−1·K−1) Calorimeter method
of mixtures

Thermal conductivity (0.285 W·m−1·K−1 ) Modified Fitch Apparatus
of tuber flesh

Thermal conductivity (0.61 W·m−1·K−1 ) Thermal conductivity probe
of white gari at 610
kg·m−3 bulk density

Adapted from [56].
Note: Tests on unidentified variety of cassava from University of Florida Agricultural and Educational

Center.

Effects of Processing on Biochemical Properties and Nutritional Properties
Processing of cassava roots affects the biochemical contents of the resulting products

such as gari and flour. The two principal effects are the detoxification of the products
and removal of moisture. In experiments with two bitter cassava cultivars, fermentation
of the pulp for 96 hours during gari production reduced the hydrogen cyanide (HCN)
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Table 2.36. Cyanide content of two bitter cassava cultivars and the effects of pH on cyanide level
during processing

30572 Garri 30555 Garri

Time (h) HCn Level ± SD (ppm) pH Flour HCn Level ± SD (ppm) pH Flour

0 42 ± 0.45 6.7 42 ± 0.3 39 ± 1.1 6.8 39 ± 0.79
24 31 ± 0.32 4.1 26 ± 0.72 28 ± 0.73 4.2 24 ± 0.73
48 24 ± 0.11 3.9 — 22 ± 1.3 4.0 —
72 20 ± 0.36 3.9 — 19 ± 0.96 3.9 —
96 20 ± 1.87 3.8 — 19 ± 0.37 3.9 —
Product 12 ± 0.81 20 ± 0.11 10 ± 0.37 19 ± 0.87

Source: [60].

Table 2.37. Detoxification of cyanide during gari processing

HCN Detoxification on peeled
Operation Material (ppm) root (%)

Whole cassava root 306 —
Peeling Peel 660 —

Peeled root 184 0
Grating Slurry 104 16–92
Dewatering after Cake 52 71.74

fermentation
Pressed juice 86 53.26

Roasting Gari 10 94.56

Source: [55].

Table 2.38. Moisture content at various stages in gari processing

Operation Product Moisture content (%)

Grating Slurry (pulp) 60–65
Fermentation Fermented pulp —
Dewatering (centrifuge) Cake 47–50
Roasting Semidry gari 30–35
Final drying Gari 8–10

Source: [55].

content by 52% and 57% [60]. Soaking of the sliced tissue for 24 hours in cassava-
flour production prior to sun-drying resulted in 38% reduction in HCN content for both
cultivars. Gari processing reduced HCN content than cassava flour processing (Tables
2.36 and 2.37). In general, garification reduces moisture content to about 8% to 10%
(Table 2.38). The low moisture content gives gari a good shelf life.

One of the very important quality attributes of gari is the swelling capacity in water,
which should be at least three times the initial volume of the dry grits (Table 2.39).
Particle size of gari ranges from below 50µm (fine) to over 2000µm (coarse). In
practice, the quality of gari is judged by the degree of coarseness and moisture content
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Table 2.39. Proximate composition of gari and fufu

Component Village Gari FIIR Gari FIIR Fufu

Carbohydrate (% wt) 81.8 87.0 73.0
Water 14.4 8.2 8.6
Oil 0.1 0.1 0.44
Crude protein (N × 6.25) 0.9 1.5 1.26
Crude fiber (% wt) 1.4 2.3 1.60
Ash (% wt) 1.4 0.9 0.15
Calcium (mg/100 g) 17.7 45.6 —
Iron (mg/100 g) 2.0 2.2 0.001
Phosphorous (mg/100 g) 57.2 56.9 0.02

5
HCN (ppm) 19.0 10.0 16.5
Swelling (% vol.) 320 300 —

Source: [63].

[17]. Free-flowing, granular meal and creamy-white color (or yellow if palm oil is added)
are the attributes of good gari.
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2.5 Yam Storage
Linus U. Opara

2.5.1 General

Terminology
The yam, also callednaḿe (Spanish) andigname(French), belongs to the genus

Dioscorea(family Dioscoreaceae). An estimated 300 to 600 species are available, but
there are just over half a dozen principal species (Table 2.40). The most common species
in the West African yam zone areD. rotundata, D. alata, andD. esculenta.



    

Table 2.40. Characteristics of important yam varieties and cultivars

Common Names Geographical Source Characteristics

D. rotundata White yam, West Africa, Compact spherical or cy-
Cultivars: Guinea white guinea yam West Indies, and lindrical tubers; white,

blanco, Guinea Caribbean cream, and yellow
negro, Akandou, fleshed with large,
Lokpa, Kangba, ovoid starch grains;
Krengle circular stem may be

smooth or spiny
and twists to the
right when climbing;
opposite leaves

D. alata Water yam, Southeast Asia and Cylindrical, white
Cultivars: greater yam Caribbean purplish with loose

White Lisbon, watery texture;
Florido, Forastero, winged stem twists to
Nza seguela, the right in climbing;
Oriental, Bete bete opposite leaves

D. cayenesis Yellow yam, West Africa and Yellow-fleshed, firm-
guineas yam West Indies skinned, very similar

to D. rotundata;
drought-intolerant

D. esculenta Asiatic yam, lesser China, Southeast Forms numerous
Cultivars: De papa, yam, potato yam Asia, South Pacific, excellent-flavored

De pana, Chinese Caribbean tubers with smooth
thin yellow-brown
skin, and white,
sweet-fleshed grained
starch; thorny stems
twine to the left with
alternate leaves

D. dumetorum Bitter yam, West Africa Bitter-fleshed; some are
trifoliate yam poisonous

D. bulbifera Aerial yam, West Indies, Africa, Forms bulbils, glabrous
potato yam and Asia vine twists to the

right; leaves alternate;
low palatability; some
clones have acrid
tastes or contain
alkaloids

D. trifida Yampie, cush-cush yam West Indies Yams range from white,
yellow, and pink
to purple with
good flavor; low yield.

D. opposita Cinnamon yam, China, Korea Cold-tolerant, used
Chinese yam and Japan in medicinal purposes

D. japonica Japan and China Cold-tolerant
D. pentaphyla Indonesia and Pacific Yams borne in cluster;

Cultivar: Wahnad can be grown for
several years prior
to harvest

D. nummularia Indonesia and Pacific
Cultivar: Wail

Sources: [1–3].
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Table 2.41. World production of yam (Dioscorea) in 1975

Area % of World Production % of World Yield % of World
(103 ha) Area (103 ton) Production (ton·ha−1) Yield

World 2110 — 20,198 — 9.6 —

Africa 2049 97.1 19,539 96.7 9.4 97.9
North and Central America 22 1.0 243 1.2 11.1 115.6
South America 10 0.5 48 0.2 4.7 0.5
Asia 15 0.7 168 0.8 11.4 118.8
Oceania 15 0.7 200 1.0 13.5 140.6
Leading countries

1. Nigeria 1350 64.0 15,000 74.3 11.1 115.6
2. Cote d’Ivoire 200 9.5 1700 8.4 8.5 88.5
3. Ghana 160 7.6 800 4.0 5.0 52.1
4. Togo 100 4.7 750 3.7 7.5 78.1
5. Benin 59 2.8 610 3.0 10.3 107.3

Adapted from [4].

Table 2.42. Production of world’s leading yam producers in 1990

Area % of World Production % of World Yield % of World
(103 ha) Area (103 ton) Production (ton·ha−1) Yield

World 2928 100 29,447 100 10.06 100

Africa 2789 95.3 28,249 95.6 10.13 100.7
West Indies 59 2.0 350 1.2 6.12 60.9
Oceania 18 0.6 284 1.0 15.82 157.3
Asia 15 0.5 198 0.6 12.88 128.0
Nigeria 1900 64.9 22,000 74.7 11.58 115.1
Cote d’Ivoire 266 9.1 2528 8.6 9.50 94.5
Benin 90 3.1 992 3.4 11.03 109.6
Ghana 200 6.8 168 2.4 3.50 34.8
Togo 40 1.4 420 1.4 10.50 104.4
Zaire 38 1.3 270 0.9 7.20 71.6

Adapted from [5].

Economic Importance
Yams are considered second to cassava as the most important tropical root crop. The

yam is an important crop in many parts of the tropical and subtropical regions, where
it is a major part of the diet. Most of the world production is from Africa (about 96%),
with Nigeria alone accounting for nearly 75% of the total world production (Tables 2.41
and 2.42). World annual production was estimated to be 25 million ton in 1974 [1], and
24 million ton in 1992 [6]. Further information on yam production statistics (1979-89)
can be found in ref. [7].

In the South Pacific, the yam is a significant food crop, accounting for over 20%,
8.1%, and 4.6% of the total dietary calorie intake in the Kingdom of Tonga, Solomon
Islands, and Papua New Guinea, respectively. In addition to its importance as food
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Table 2.43. Annual percentage growth of the
per capita production of yams in Africa

1964–74 1974–84

West Africa −0.3 −1.1
Central Africa −1.2 −1.8

Source: [8].

source, the yam also plays a significant role in the sociocultural lives of some producing
regions, for example through the famous yam festivals in West Africa. In some parts of
southeastern Nigeria, boiled and mashed yam is often the principal meal offered to gods
and ancestors. Until recently, newly married couples in the yam zone of West Africa were
presented with good-quality yam tubers for planting to assist them in raising a family.
Due to its relatively longer storage life compared with other fresh produce in the tropical
developing countries, stored yam represents stored wealth that can be sold year-round
to derive income.

During the period from 1975 through 1990, the world’s area cultivated with yams
increased by about 38.8% and total production increased by 45.8%, presumably due to
improved cultivation practices in most areas. However, the importance of yam in the
economy of the main producing areas appears be declining due partly to competition
with other crops, such as cassava in Nigeria and taro in the South Pacific. The major
producing areas also have continued to experience high population growth rates. For
instance, the annual growth rate of per capita production in the major yam zones in
Africa has declined during the past four decades (Table 2.43).

Postharvest Losses
Losses occur at various stages from production, postharvest handling, marketing,

and distribution. This includes losses in quantity and tuber quality, arising from physi-
cal damage and biotic (fungi and bacteria), and physiological (sprouting, dehydration,
respiration) factors. Estimated loss of total crop is in the range from 10% to 60% [9].
Losses in tuber weight occurring during storage in traditional or improved barns or
clamp storage can reach about 10% to 12% in the first 3 months and 30% to 60% after
6 months. Weight losses of 33% to 67% after 6 months storage have been reported [10].
In West Africa alone, this was equivalent to an annual loss of 1 million ton of tuber [11].
The magnitude of weight loss in stored yams increases rapidly after the first months
(Table 2.44). Transit losses of about 15% to 40% occur in some developing countries
where there is a lack of storage or poor storage and transport facilities for tubers. Losses
of D. alatacultivars have varied from 7% to 23% during 4 months of storage [12], and
in Puerto Rico, postharvest losses of yams due to decay have exceeded 50% [13]. High
postharvest losses of yams during any season often translates into higher market prices
due to the reduction in the amount of available crop.

Several factors contribute to storage losses in yams, with the most important the
autolytic processes and attack by fungal or bacterial biodeteriogens. Physical processes
include mechanical damage such as crushing or breakage and spillage or loss as from
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Table 2.44. Weight losses in stored yams

Weight Loss During Storage (%)

Country Species 1 mo 2 mo 3 mo 4 mo 5 mo

Puerto Rico Guinea yams 1 3 8 (sound tubers)
2 6 11 (tubers slightly infected by rots)

Nigeria D. rotundata 5 7 12 20 29
4 6 10 14 21
3 6 14 23 30

D. cayenensis 6 17 29 39 48
Ghana D. rotundata 1 5–7 15–17 26–27 34–40

Source: [10].

faulty container. Autolytic processes give rise to chemical or biochemical changes in the
tuber as a result of interaction amongs parts of the tuber or between it and the atmosphere
or the environment. Infestation by insects or other arthropods can destroy all or part of the
produce and cause the partial or complete spoilage of any that remains. Microbiological
attack by biodeteriogens such as fungi and bacteria has deleterious effects on stored
produce, especially in warm tropical climates. Finally, rodents and higher animals feed
on and also can damage the produce.

2.5.2 Maturity and Harvesting

Maturity
Yams follow four distinct growth periods: sprouting, root growth, tuber enlargement,

and maturation [2, 14, 15]. Mature crop often is characterized by cessation of vegetative
growth and yellowing of leaves. The period from planting or field emergence to maturity
is variable depending on the species (Table 2.45). There is currently no reliable and
objective index of yam-tuber maturity, although some crude indices have been reported

Table 2.45. Characteristics of yam species

Species (Common Name) Period from Planting to Maturity Yield and Size of Tubers

D. alata (water yam) 220–300 d 20–25 ton·ha−1; 1–3 tubers per
plant; 5–10 kg per tuber

D. bulbifera (potato yam) 140–180 d; 90–120 d Aerial: 2–15 ton·ha−1 ; 3–5 ton·ha−1;
underground: 2–8 ton·ha−1

D. cayenensis (yellow yam) 280–350 d 30 ton·ha−1; 2 kg per tuber (mean);
7–10 kg per tuber (maximum)

D. dumentorum (bitter yam) 240–300 d Greater than those of most other
cultivated West Africa yams

D. esculenta (lesser yam) 200–300 d 7–20 ton·ha−1; 25–35 ton·ha−1

(exceptional); 5–20 tubers
per plant

D. opposita (Chinese yam) 24 wk 4–6 ton·ha−1

D. rotundata (white yam) 200–330 d 16–20 ton·ha−1

D. trifida (cush-cush yam) 280–330 d 15–20 ton·ha−1
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based on the percentage of tuber length that is whitish at harvest, nonfriable after cook-
ing, or bitter after cooking [16]. The most frequently reported measure is the period
from planting to harvest (growing period), but it has been suggested that the time from
emergence to maturity provides a better measure of growing period, because planted
tuber can remain dormant for some time [17].

Most edible yams reach maturity 8 to 11 months after planting. Techniques such as
using physiologically aged planting material, presprouting of setts[16], application of
sprout-promoting substances (e.g., ethephon and 2-chloroethanol) [18, 19], and harvest-
ing before complete shoot senescence can decrease the duration of field dormancy and
thereby reduce the length period from emergence to maturity. Common pests are beetles
and rodents, and these can reduce yields and tuber quality significantly. In general, yams
are very resistant to fungi, but some cultivars such asD. alata are more susceptible.
In many parts of the West African yam zone, mature yams are harvested at the end of
the rainy season or in the early part of the dry season, which coincides with the end of
vegetative growth.

Harvesting
Harvesting is by traditional methods of digging, which are labor-intensive. Sticks and

spades made of wood are preferred to metallic tools, as they are less likely to damage
the fragile tubers. Harvesting of aerial tubers or bulbs is usually by manual plucking
from the vine. Although some success in mechanical yam harvesting has been reported,
especially forD. compositatubers for pharmaceutical uses [20], various noncommercial
equipment is available. The use of a potato spinner has been suggested for harvesting
species that produce a number of small tubers [17]. Successful mechanization of yam
harvesting would require extensive changes in current traditional cultivation practices,
including staking and mixed cropping, and possibly in tuber architecture and physical
properties.

Yams can be harvested once (single-harvesting) or twice (double-harvesting) during
the season to obtain a first (early) and second (late) harvest. The first harvest has also been
referred to by the terms “topping,” “beheading,” and “milking,” all of which have been
considered inadequate and obsolete [16]. In single-harvesting, each plant is harvested
once; this occurs at the end of the season when crop is mature. The harvesting process
involves digging around the tuber to loosen it from the soil, lifting it, and cutting from
the vine with the corm attached to the tuber. The time of harvest is critical in terms of
tuber maturity, yield, and postharvest quality. Depending on the cultivar, the period from
planting or emergence to maturity varies from about 6 to 7 months [17] or even 6 to 10
months.

For double-harvesting, periods of 8 to 10 months and 4 to 5 months from planting or
emergence to maturity have been recommended [1, 17]. First harvest at 5 to 6 months
after planting and the second 3 to 4 months later also have been reported [3]. The first
harvest is made by removing the soil around the tuber carefully and cutting the lower
portion, leaving the upper part of the tuber or the “head” to heal and continue to grow.
The soil is returned and the plant is left to grow until the end of the season for the second
harvest. Some yam cultivars produce several small tubers in the second growth following
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the early harvest. Double-harvesting is most applicable to short-term varieties such as
D. rotundata, and toD. cayenensisandD. alata to lesser extents.

A comparison of single- and double-harvesting showed that yields were similar and
plants senesce at about the same time. However, single-harvested tubers had better eating
quality than the double-harvested tubers. More detailed comparison can be found in ref.
[17].

Tuber Yield
The average yield of tubers is variable among the major producing areas (see Tables

2.41 and 2.42). Yield also depends on the species (see Table 2.43), seed piece, and
growing environment; it ranges from 8 to 50 ton·ha−1 in 6 to 10 months. Yields of
8 to 30 ton·ha−1 in commercial yam production also have been reported, the exact
value depending on the location, variety, and cultivation practices [17]. In Nigeria, yam
tuber yields varied with ecology, ranging from 10 ton·ha−1 in Onitsha (forest zone)
and Abakaliki (derived savanna) to 40 ton·ha−1 in Zaki-Biam (Guinea savanna) from
planting densities of 2500, 2700, and 12,000 stands per hectare, respectively [11]. Many
yam cultivars produce only a single large tuber, and the approximate multiplication ratio
(fresh-weight yield to weight of planting material) for the yam is 5. Between 1975 and
1990, there were yield increases in all major producing countries except Ghana. During
this period, the average world yield increased by nearly 11%.

2.5.3 Postharvest Handling, Curing, and Packaging

Yams are fragile and susceptible to physical damage during harvesting and postharvest
handling. Injury can lead to infection by rotting organisms and loss during subsequent
storage. Injury also accelerates the respiration rate of tubers, which may lead to rapid
weight loss and development of shrivel. Physical damage of yam tubers can be classified
as follows [21]:

Digger cuts: the digger point cutting the tuber in two parts
Break-off injuries: the breaking off of rounded protuberances at the tail

(distal) end or on the surface of the tubers
Serious bruises: bruises that cause the skin to peel off over more than 20%

of the tuber surface; may be caused by the tubers being stepped on during
harvesting

Small bruises: surface thumbnail cracks, less than 1.2 cm long, that do not
remove the flesh of the tuber

Packaging tubers in full-telescopic fiberboard cartons with paper wrapping or ex-
celsior reduces bruising during postharvest handling.Tubers can be contained in loose
packs, or units of 11 kg and 23 kg [22]. For transportation, the cartons are hand-loaded
or unitized on pallets.

Curing allows suberization of surface injuries and reduces weight loss and rotting in
root crops. Postharvest curing of yams is recommend before storage of tubers so as to
“heal” any physical injury that may have occurred during harvesting and handling. Curing
can be accomplished under tropical ambient conditions or in a controlled environment.
Traditionally, yams are cured by drying the tubers in the sun for a few days. The optimum
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Table 2.46. Effects of packaging material on the quality of D. trifida after 64 days at
20–29◦C and 46%–62% relative humidity

Type of Package Weight Loss (%) Fungal Scorea Necrotic Tissueb (%)

Paper bags 23.6 0.2 5
Polyethylene bags with 0.15%

of the area as holes 15.7 0.2 7
Sealed 0.03 mm–thick

polyethylene bags 5.4 0.4 4

Source: [23].
a Fungal score: 0 = no surface fungal growth, 5 = tubers surface entirely covered with fungi.
b Estimated on the total cut surface of lengthwise halves.

conditions for curing are 29 to 32◦C at 90% to 96% relative humidity for 4 to 8 days [22].
Tubers cured at higher temperature (40◦C) for 24 hours or treated with gamma radiation
at 12.5 krad were free of mold and had the least loss during subsequent storage. Storing
at 15◦C with prompt removal of sprouts improves the eating quality of tubers [11].

Modified atmosphere packaging has beneficial effects in yam storage, especially if
appropriate packaging material and quantity, size, and number of holes are utilized.
Sealing yam tubers in polyethylene-film bags reduced storage losses due to weight loss
and development of necrotic tissue (Table 2.46). Coating tubers with a commercial
vegetable wax (Epolene E10) improved the appearance quality, but there was no effect
on levels of fungal infection [23]. The effect on tuber weight loss was inconsistent.

2.5.4 Storage-Environment Requirements

Under favorable environments, yams can be stored for several months and some
cultivars for longer, but loss in flavor and quality occurs in storage. Precooling can be
achieved at room conditions. The three main requirements for yam storage are aeration,
reduction of temperature, and regular inspection of produce. Aeration prevents moisture
condensation on the tuber surface and assists in removing the heat of respiration. Low
temperature is necessary to reduce losses from respiration, sprouting, and rotting; how-
ever, cold storage must be maintained around 12 to 15◦C, below which physiological
deterioration such as chilling injury occurs. Regular inspection of tubers is important
to remove sprouts and rotted tubers, and to monitor the presence of rodents and other
pests. In general, tubers should be protected from high temperatures and provided with
good ventilation during storage. The storage environment also must inhibit the onset of
sprouting (breakage of dormancy), which increases the rate of loss of dry matter and
subsequent shrivel and rotting of tuber.

Fresh Tuber Storage
Fresh yam tubers can be stored successfully in ambient and refrigerated conditions,

but there are differences among cultivars (Table 2.47). The recommended storage tem-
perature is in the range from 12 to 16◦C. Optimum conditions of 15 or 16◦C at 70% to
80% [22] or 70% relative humidity [1] have been recommended for cured tubers. Transit
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Table 2.47. Recommended storage conditions for yams (Dioscorea spp.)

Cultivar or Common Name Temperature (◦C) Relative Humidity (%) Length of Storage

D. trifida 3 — 1 month
D. alata 12.5 — 8 weeks
D. alata

Cured 15–17 70 180 daysa

Noncured 15–17 70 150 daysb

D. cayenensis 13 95 <4 monthsc

Water yam, greater yam 30 60 several monthsd

Elephant yam 10 — several months
White yam, Guinea yam 16 80 several months
Yellow yam, 12-month yam 16 80 60 days
Cush-cush, Indian yam 16–18 60–65 several monthse

Lesser yam, Chinese yam 25 — 60 daysf

Cultivar Unknown 13.3 85–90 50–115 days
16 65 4 months
16 70–80 6–7 months

Adapted from [24–31].
a Weight loss, 11%.
b Weight loss, 12%–25%.
c About 29% weight loss, and internal necrosis occurred.
d Ventilated storage in barns.
e Barn storage.
f Ventilated storage.

and storage life of 6 to 7 months can be achieved under these conditions. Ware yamand
seed yam have similar storage requirements. The onset of sprouting is enhanced at am-
bient conditions, especially if ventilation is inadequate. For example, during storage at
ambient conditions (20–29◦C, 46%–62% relative humidity),D. trifida began to sprout
within 3 weeks [32]. There is very limited information on the storage conditions forD.
opposita, but it was reported that it can be stored over winter in clamps or cold stores in
Japan [24].

Yam-tuber decay occurs at higher humidity, and like most tropical crops it is suscep-
tible to chilling injury at low storage temperatures. To avoid tuber damage, minimum
storage temperatures of 10, 12, and 13◦C [1, 22], at or below which chilling injury
occurs, therefore have been recommended. Storage ofD. rotundatatubers at 12.5◦C
resulted in chilling injury [33], and storage ofD. alata at either 3 or 12◦C resulted in
total physiological breakdown within 3 to 4 weeks [34]. Storage ofD. alataat 5◦C for
6 weeks gave good results, but chilling injury symptoms developed rapidly when tubers
subsequently were put in ambient (25◦C) conditions [26].

Yams are also sensitive to ethylene. On a scale of high, medium, and low moisture-
loss rates, yams suffer medium loss rates compared with other fruits and vegetables
[35]. The economics of using improved cold-storage technology (about 15◦C) and other
postharvest technologies (such as gamma radiation with 7.5–15 krad) in yam storage are
not clear and these must be evaluated before these technologies are introduced for use
in specific local situations.
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Controlled-Atmosphere Storage
No significant beneficial effects of controlled atmospheres on commercial yam storage

has been demonstrated. In general, controlled-atmosphere storage has minimal effect on
yam storage [28]; however, fully matureD. oppositatubers can be stored for long periods
of time at high O2 tensions or at 5◦C. These conditions reduced the incidence of tuber
browning [36].

Storage of Processed Yam Products
Processed yam products such as dried chips, biscuits, and flour generally are not

stored for long periods. A variety of packages is used for storage including baskets,
gunny bags, polyethylene bags, polyethylene-lined jute bags, and basins made of plastic
or metal. Packaging can occur before or after storage in room conditions or in silos.
It is important to exclude moisture, insects (mostlyAraecerus fasciculatusDe G. and
Sitophiilus zeamaysMots), and rodents. If the same packaging is used for other products,
fumigation with phostoxin by placing the tablets on or in the bags and covering with a
gas-proof sheet is recommended.

2.5.5 Tuber Dormancy in Storage

Dormancy is the temporary suspension of visible growth of any plant structure con-
taining a meristem [37]. In stored yam tubers, this refers to the period during which
sprouting is inhibited. The end of dormancy thus is marked by the onset of sprouting.
Knowledge of the potential length of dormancy for stored tuber is important because
once dormancy breaks, the tubers also senesce rapidly, with loss of the stored food
carbohydrate [38]. Yam tuber does not sprout during the early part of storage, even
under suitable growth conditions. The environmental conditions affecting yam-tuber
dormancy are photoperiod, white and colored lights, temperature, relative humidity, and
partial oxygen pressure [39].

The length of tuber dormancy is endogenously controlled, and conditions such as
availability of soil moisture [40] or cool temperature [10] are ineffective triggers of
sprouting. Physiological age of tubers affects their readiness to sprout, but by approx-
imately 6 months after harvesting, dormancy disappears completely and budless setts
planted after that period will require nearly the same time to sprout [41]. The length of
the dormant period depends on the yam species (Table 2.48).

2.5.6 Storage Disorders and Diseases

Sprouting
Sprouting marks the breakage of dormancy in yams. Sprouts are initiated in a meris-

tematic region about 1 cm from the edge of the tuber. Different stages occur during the
internal formation of the sprout (Fig. 2.55) and the external development (Fig. 2.56)
[2, 16, 17]. During storage, one or more buds may develop from the head region of
yam tuber. Although the mechanism in the yam tuber is not clear, dormancy has been
associated with low levels of glutathione in the tuber [40], and batatasins may play a role
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Table 2.48. Length of dormancy of tubers of
major edible yam species

Period of
Locality Dormancy (wk)

D. alata Caribbean 14–16
Nigeria 14–16

D. bulbifera Nigeria 19–20
D. cayenensis Nigeria 4–8
D. dumetorum Nigeria 14–16
D. esculenta Caribbean 4–8

Nigeria 12–18
D. rotundata Nigeria 12–14

14–16
D. trifida Caribbean 2–4

Adapted from [26, 40, 42–44].

Figure 2.55. Progressive stages in sprout formation in D. rotundata. C, Cork layer; M, layer of
meristematic cells; P, parenchyma cells with only small amount of stored starch; SP, storage
parenchyma with stored starch and constituting the bulk of the tuber; V, vascular bundles.

(Source: [45])



        

Yam Storage 193

Figure 2.56. Stages in the sprouting of Dioscorea
tuber. a, Normal tuber piece before planting;

b, formation of sprouting locus; c, appearance of
differentiated shoot buds; d, enlargement of the shoot

bud and development of roots. (Source: [45])

[46]. However, sprouting is dependent on the time of harvest and storage temperature.
Tubers sprout rapidly at ambient temperatures (25–30◦C) and high relative humid-
ity once dormancy is broken. Sprouting is a major of source of dry-matter loss. Rootlet
formation requires high humidity to occur. Sprouting can be a problem in storage, but the
sprouts can be rubbed off during inspection of tubers. Sprout formation is considerably
delayed at 35 or 15◦C. Thus, leaving unharvested or planted tubers in the soil may expose
them to supraoptimal temperatures, which may inhibit sprouting or retard their sprouting
in many tropical areas in which soil temperatures exceed 35◦C for several hours nearly
every day [17].

Irradiation of yam tubers with gamma rays has been used successfully in yam storage
to control sprouting. The optimal dose for sprout inhibition varies with yam species, but
7.5 krad appears to the critical dose [47]. The higher the dose, the lower the percentage of
rotting up to 15.0 krad, beyond which the percentage of rotting increases. In a trial with
eight cultivars ofD. rotundata, irradiation between 5 and 20 krad caused 50% reduction
in weight loss in comparison with controls [48, 49]. To achieve complete suppression
of the nematode population in infected yam tubers, a dose of 30 krad was required
[50]. It has been postulated that the inhibition of sprouting in irradiated yams is due to
interference with nucleic acid metabolism in the meristem tissue [39].

Control of Diseases and Pests
Yams are susceptible to preharvest attack by the yam beetle and microorganisms such

as nematodes and yam virus. The major postharvest disease is tuber rot, caused mostly
by fungi. The types of diseases and pests and their control measures are summarized in
Table 2.49. Fumigation is with methyl bromide, but practitioners should note that the use
such chemicals in agriculture and food processes is now prohibited or strictly regulated
in many countries and regions. Rodents can be controlled by fencing, poisoning, and
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Table 2.49. Pests and diseases in yams

Common Name Organism Incidence and Characteristics Control Strategy

Yam beetle Heteroligus meles A major pest in West Africa; Dusting of the sets with
adults migrate by flying to insecticide before
other farms/plots; they planting (note that some
feed on the tuber, insecticides can be
thereby leaving holes persistent and harmful
on them; tubers loss to the environment);
appearance quality and very late planting
become prone to can reduce infestation
rotting during storage but affect yields

Chrysomelid Lilioceris livida Removal of lavae by hand
beetle or spraying carbaryl

Scales Aspidiella hartii Removal of pests with
a brush and
treatment with diazinon
plus white oil or
malathion prior to
planting

Mealy bugs Planococcus citri Use of clean stock
Yam anthracnose Fungi such as Occurs in all yam-producing Use of resistant cultivar

Colletotrichum and areas; infection from (e.g., TDA 291,
Glomerella ingulata inoculum borne within TDA 297), maneb or
implicated. the planting set or in; benomyl, and good

the soil results in field sanitation
blackening and die-back
of the leaves and shoot

Nematodes Yam nematode They reside in the tuber Crop rotation and
(Scutellonema bradys) and remain active fallowing, and planting
and the root knot during storage; wounded with healthy materials;
nematode areas provide entry for soil fumigation with
(Meloidogyne spp.) decay-causing bacterial nematicides may be
are the most serious and fungi uneconomical

Yam virus Occurs throughout the Use of virus-free planting
complex West African yam zone; materials or resistant

reduces yields cultivars; thermotherapy
considerably and meristem culture

Tuber rots Soft rots caused by Infection in the Planting with disease-free
Penicillium spp., field can lead persist material; crop rotation;
Fusariu oxysporum, and to rotting during minimizing of physical
and Botrydiplodia storage damage to tuber during
theobromae; dry rots postharvest operations;
caused by Rosselinia treating of the set or
and Sphaerostilbe tuber with systemic

fungicide or alkaline
material such as

Bordeaux mixture;
adequate aeration and
regular inspection of
stored tuber

Adapted from [1, 17, 51].
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Figure 2.57. Traditional “yam house.”

trap setting. There are extensive reviews in the literature on yam pests and diseases and
their control measures [10, 17, 25, 39].

2.5.7 Types of Storage Structures

Traditional Shelters
Leaving the tubers in the ground until harvest is required is the simplest storage

technique practiced by some rural farmers. This underground, on-farm storage, however,
prevents the use of the farmland for further cropping. In some parts of West Africa and
Oceania, individual tubers are suspended from a horizontal pole supported about 1 to
2 m above the ground by two forked sticks. Harvested yams also can be put in ashes and
covered with soil, with or without grass mulch as shelter. “Yam houses” frequently are
found in many yam-growing regions. These have thatched roofs and wooden floors, and
the walls sometimes are made simply out of bamboo (Fig. 2.57).

The yam barn is the principal traditional yam storage structure in the major producing
areas. Barns usually are located in shaded areas and constructed so as to facilitate adequate
ventilation while protecting tubers from flooding and insect attack. There are several
designs, but they all consist of a vertical wooden framework to which the tubers are
individually attached. Most barns are constructed in a shaded enclosure to protect tubers
from direct sunlight (Fig. 2.58). In a typical yam barn, galvanized iron was used to protect
the structure against rats which were considered a major problem during tuber storage
(Fig. 2.59).
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Figure 2.58. Inside view of a yam barn.
(Source: [52])

Figure 2.59. Protection of a shaded yam barn against rats.
(Source: [52])
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Two tubers are tied to a rope at each end hung on horizontal poles 1 to 2 m high.
Barns up to 4 m high are also not uncommon. Depending on the quantity of tuber to
be stored, frames can be 2 m or more in length. The ropes are usually fibrous, but in
southeastern Nigeria they are made from the raffia obtained from top part of the palm
wine tree. Many farmers have permanent barns that need annual maintenance during the
year’s harvest. In these situations, the verticals posts often are made from growing trees,
which are trimmed periodically. Palm fronds and other materials are used to provide
shade. The vegetative growth on the vertical trees also shades the tubers from excessive
solar heat and rain. The use of open-sided shelves made from live poles, bamboo poles,
or sawn wood has been recommended to enable careful handling and easy inspection
in comparison with tying tubers to poles, which can cause physical damage and rotting
[7]. In barn storage, yams have a maximum storage life of 6 months, and therefore barn
storage is most suited for long-term varieties. Storage losses can be high (10%–15%
in 3 months, and 30%–50% after 6 months) if tubers are not treated for rotting using
fungicides such as Benlate, Captan, or Thiabendazole.

Another traditional storage involves stacking yams in small heaps in crevices of rock
outcrops or large trees near the house or in the farm. Similarly, they can be heaped in
loose bulk on the floor. Yams also are stored in raised platforms or on shelves in sheds
or huts used for other purposes, such as maize cribs, or specially constructed for yam
storage. Such stores usually are located in the shade of large trees, and the yams are
stacked up to the top. This type of structure entails considerable handling of the tubers
and therefore is suited for the varieties more resistant to physical injury. In some regions
such as the South Pacific, such raised platforms contain only one or two layers of yams
to ensure that adequate aeration is provided and that inspection can be carried out easily.
Leaves and similar materials are placed on top of the tubers to shade them.

Underground structures such as pits, ditches, and clamps also are used for yam storage
for limited periods, especially the early varieties, which often are harvested before the
end of the rainy season. During construction of pits, the earth dug out is used to build a
low wall around the edge. The temperature in the storage space also can be moderated
by placing cut vegetation over the ditch, clamp, or pit. In these structures, ventilation
and rodent attack of tubers is a major problem, and it is difficult to inspect the tubers.
These factors have limited the use of underground pits and clamps on a commercial
scale.

Improved Traditional Shelters
Improved storage structures for yams often are well ventilated, weatherproof, and

stronger than traditional shelters. Additional features also may be provided to exclude
pests and rodents. A typical improved yam barn has side walls 1.2 m high and wire
mesh to ward off rodents and birds [11]. The roof is double-thatched and extended to
the eaves with a smooth floor of cement or mud, and only one entry door provided to
guard against entry of rodents. Tubers are stored on platforms or shelves. Tubers stored
in such improved structures had only 10% spoilage after 5 to 6 months.

An improved pit storage structure has been developed for holding up to 150 tu-
bers [53]. The design (Fig. 2.60) enables low temperatures and high humidities to
be maintained, which results in low storage loss and delayed sprouting of tubers. A
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Figure 2.60. Experimental pit structure for yam storage. (Source: [53])
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large-scale airtight yam house capable of holding 10,000 tubers suitable for rural areas
in developing countries has been reported [54]. The room was aerated intermittently to
impose an anaerobic environment on the tubers. Tubers were arranged on three-layered
wooden racks, and after 5 months in storage both weight loss and microbial decay were
minimal.

Refrigerated Stores
Refrigerated stores provide low-temperature and medium- to high-humidity envi-

ronments for storage. The equipment capacity should be matched with the maximum
heat load in the store. Construction materials must be selected to minimize heat gain
through the building envelope into the store. Environment-monitoring equipment should
be installed to ensure that tuber temperature does not fall below 12 to 15◦C to pre-
vent cold-temperature injury. In the design of structural components for yam storage,
it also is important to consider equipment and duct work for ventilation and the need
for movement of handling equipment for filling and emptying the store. Although the
environmental regimes for cold storage of yams have been established, the use of re-
frigerated storage is very limited. Consequently, there is very limited information on the
design and construction of refrigerated cool-store facilities for yams.

2.5.8 Agroprocessing of Yam

Yams usually are marketed as fresh produce. However, tubers also are processed into
several food products that are relished in many parts of the tropics. In general, common
methods of preparation are boiling, baking, and frying. Boiled and baked yam can be
eaten with vegetable sauce or red palm oil. Boiled yam also can be pounded or mashed
in mortar and eaten as fufu or utara. Equipment for automatic boiling and mashing of
yam into fufu now is available commercially.

Yam cultivars that contain toxic substances such as dioscorene are first sliced and
soaked in salt water for several hours before further processing for consumption. These
toxic species are used to make toxic bait for fishing and hunting. Industrial processing
and utilization of yam includes starch, poultry and livestock feed, and production of yam
flour.

Yam flake is one of the common industrial food products of yam (Fig. 2.61). Exten-
sive information on yam-processing methods, equipment, and packaging techniques are
available in the literature [7]. Residues from sifting as well as peels represent losses in
the energy value of tuber, but they can be used as animal feed. Nutrient losses in yam
products obtained from processing can be high, particularly in minerals and vitamins. In
products obtained from secondary processing such as biscuits and fufu, the amount of
loss depends principally on the amount of edible surface exposed during processing op-
erations. Primary operations such as milling affect the thiamine and riboflavin contents
of D. rotundata, with average losses of 22% and 37%, respectively. Sun drying results
in high losses of B vitamins with little change in mineral content. Pounding yam flour in
a traditional wooden mortar or grinding in an electric mixer has similar effects. Losses
during culinary preparation of peeled yam can amount to 10% to 15% [7].
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Figure 2.61. Flow diagram for manufacture of yam flake. (Source: [55])

2.5.9 Nutritional, Physicochemical, and Rheological Properties

Nutritional Properties
The nutritional contents of yams vary with species (Tables 2.50 and 2.51). In processed

product, the nutritional value is affected by the methods of preparations. Yam tubers have
high moisture and dry-matter contents, ranging between 60% and 75% and 25% and 40%,
respectively [59]. In general, yams have a high starch (30%) and potassium contents, but
the vitamin A content is low (Table 2.52).

Yams contain about 5 to 10 mg·100 g−1 vitamin C, and the limiting essential amino
acids are isoleucine and those containing sulphur. Yams contain a steroid sapogenin com-
pound calleddiosgeninthat can be extracted and used as a base for drugs such as cortisone
and hormonal drugs. Some species contain alkaloids (e.g., dioscorine C13H19O2N) and
steroid derivatives. Proximate composition of different yams has been reported in the
literature [10]. Readers can obtain more detailed information on the nutritional values
of yam by species and producing region from refs. [10] and [58]. These references also
contain information on the effects of method of cooking or preparation on nutritional
values of yam products. Yam recipes are also available in the literature [7].
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Table 2.50. Summary of proximate analyses of yam tubers

Moisture
Content Carbohydrate Fat Crude Protein Crude Fibre Ash

Species (%) (%) (%) (%) (%) (%)

D. alata
(water yam) 65–73 22–29 0.03–0.27 1.12–2.78 0.65–1.40 0.67–2.06

D. cayenensis
(yellow yam) 83 15 0.05 1.02 0.40 0.53

D. rotundata
(white yam) 58–73 23 0.12 1.09–1.99 0.35–0.79 0.68–2.56

D. opposita 70–80 16–29 0.06–1.10 1.11–3.10 0.33–1.00 0.69–1.10
D. esculenta

(lesser yam) 67–81 17–25 0.04–0.29 1.29–1.87 0.18–1.51 0.50–1.24
D. bulbifera

(potato yam) 63–67 27–33 0.04 1.12–1.50 0.70–0.73 1.08–1.51
D. dumentorum

(bitter yam) 79 17 0.28 2.78 0.30 0.72
D. hispida 78 18 0.16 1.81 0.93 0.69
D. trifida

(cush-cush yam) — 38 0.44 2.54 — —

Source: [10].

Physicochemical Properties
Tuber size and shape are variable depending on the species, and both genetic and

environmental factors have considerable effects. Tuber size can range from a few cen-
timeters and grams, to 2 to 3 m and over 50 kg. The tubers of most important cultivars are
cylindrical in shape, with some roots and growth cracks present; however, some cultivars
have an enlarged middle section (Fig. 2.62). The gross morphology of mature tuber in-
cludes several layers of cork tissue produced from successive cork cambia forming one
beneath another, with the cork cells arranged radially in rows. A ring of meristematic
cells, made up of several layers of tangentially elongated, thin-walled cells, lies beneath
the cortex (see Fig. 2.26). The parenchyma cells surrounding the vascular bundles con-
tain most of the starch grains (rounded or elliptical). Yams also contain tannin cells, and
cells containing bundles of crystals (raphids) also are present. It is widely believed that
these crystals are responsible for the itchiness of raw yam tuber and some other root
crops when eaten or placed in contact with the skin.

Yam tuber contains about 10% to 20% carbohydrate on a fresh-weight basis, with
amylopectin as the main constituent of yam starch [39]. Amylose accounts for 10% to
28% of the starch and influences the starch properties considerably. The iodine binding
capacity values of yam starch are directly related to the amylose content (Table 2.53).

Respiration Rates
Respiration rate is a good indicator of metabolic activity in tissue and therefore

provides a useful guide to potential storage life. It usually is measured by the rate of
O2 depletion or the rate of CO2 evolution. Tuber age, degree of physical damage, and
spoilage by microorganisms affect the rate of respiration. Yams respire actively at harvest
and during sprouting. Respiratory activity is minimal during the period of dormancy
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Table 2.52. Nutritional values of yam tuber

Nutrient Amount per 100-g Edible Portion

Calories 71.00–135.00
Moisture (%) 81.00–65.00
Protein (g) 1.40–3.50
Fat (g) 0.40–0.20
Carbohydrate (g) 16.40–31.80
Fiber (g) 0.40–10.00
Ash (g) 0.60–1.70
Calcium (mg) 12.00–69.00
Phosphorous (mg) 17.00–61.00
Iron (mg) 0.70–5.20
Sodium (mg) 8.00–12.00
Potassium (mg) 294.00–397.00
β-Carotene equivalent (mg) 0.00–10.00
Thiamin (mg) 0.01–0.11
Riboflavin (mg) 0.01–0.04
Niacin (mg) 0.30–0.80
Ascorbic acid (mg) 4.00–18.00

Table 2.53. Physicochemical properties of yam starch fraction

Amylose Amylopectin

D. D. D. D. D. D. D. D.
alata cayenensis dumetorum rotundata alata cayenensi dumetorum rotundata

IBC (%) 19.88 19.86 19.89 19.84 0.64 0.76 0.72 0.67
β-amylolysis (%) 92.3 94.7 97.5 95.8 59.6 65.4 66.7 60.5
Molecular weight 2.65 2.10 2.2 2.3 — — — —

(triacetate) ×10−5

Viscosity (n) 1.98 1.85 1.88 1.93 2.18 2.38 2.75 2.32
Average chain length — — — 22 21 24 19
% Yield 24.5 22.9 23.8 22.2 74.2 75.6 73.4 76.7

(based on starch)

Sources: [61, 62].

[63]. Rates of respiration can vary from 5 to 20 mL CO2·kg−1 fresh weight·hr−1 in healthy
tuber (D. rotundata) to over 35 mL CO2·kg−1 fresh weight·hr−1 in decaying tuber [64].
Respiration rates of yam tubers are important in the design of storage structures and
their environmental control facilities. Respiration data also are useful in the design of
modified-atmosphere packaging and coating of tubers with waxes to extend their shelf
life.

Respiratory weight loss contributes significantly to total storage loss (Table 2.54).
Yams stored for 5 months may lose up to 10% of dry-matter content through respiration
[65]. During storage, the increase in both heat of respiration and heat load is greater at high
initial store temperatures. Under tropical conditions (15–35◦C), the heat of respiration
can account for up to 89% to 100% of the total heat load, especially if the tubers are free
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Figure 2.62. Morphology and anatomy of yam tuber. I, fifth month; II, ninth month.
(Sources: [2, 17, 60])
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Table 2.54. Relative contribution of respiration to total weight loss of yam
tubers during storage

Daily Weight Loss
Total Daily Weight Loss (%) due to Respiration

25◦C 35◦C 25◦C 35◦C

After harvest 0.22 ± 0.02 0.36 ± 0.02 0.058 0.108
Dormant 0.15 ± 0.03 0.28 ± 0.06 0.011 0.028
Sprouting 0.21 ± 0.02 0.34 ± 0.07 0.074 0.068

Source: [63].

Table 2.55. Linear regression equations of storage air temperature
and storage time ( X in hours)

Initial Storage
Temperature (◦C) Regression Equation Correlation Coefficient

15 16.24+ 0.131X 0.96
20 20.97+ 0.176X 0.98
25 24.27+ 0.171X 0.98
30 29.82+ 0.194X 0.99
35 32.98+ 0.1217X 0.98

Source: [63].

from infection by mold and other microorganisms [59]:

Qp = 0.021+ 4.247Qr

whereQp is the heat load of respiration andQr is the heat of respiration (R= 0.99).
The storage air temperature also can be predicted for different initial storage temper-

atures (Table 2.55).

Thermophysical and Rheological Properties
The thermophysical and rheological properties of yam products are important for the

design of handling and processing operations. They are also useful in predicting starch
behavior during cooking and cooling processes, and they often highlight the modification
required to obtain required product specifications. Some of the relevant properties include
specific heat capacity of the tuber, size of starch granules, viscosity, and gelatinization
temperature. The specific heat of yam tuber can be estimated from Siebel’s equation
based on the moisture content [66]:

S= 0.0335× [% H2O in food]+ 0.8370 (kJ·kg−1·◦C−1)

Yam tubers have high moisture content, usually above 60% of fresh tuber weight. For
design purposes, an average moisture content of about 73.5% is recommended [31].

The range of size of starch granules and their gelatinization temperatures for a number
of economically important yam species have been reported (Table 2.56). Based on size
and form, the granules of yam strach from the different species may be classified into
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Table 2.56. Starch granule size and gelatinization
temperatures of yams

Gelatinization
Species Granule Size (µ) Temperature (◦C)

D. alata 5–50 69.0–78.5
D. rotundata 5–45 64.5–75.5
D. cayenensis 3–25 71.0–78.0
D. opposita 5–60 65.5–75.5
D. bulbifera 5–45 72.0–80.0
D. esculenta 1–15 69.5–80.5
D. hispida 1–5 75.5–83.0
D. dumetorum 1–4 77.0–85.5
D. trifida 10–65 —

Sources: [10, 61].

Table 2.57. Starch characteristics of yam species

Examples of Species Starch Characteristics

D. alata, D. rotundata, D. opposita Fairly large granules, oval or egg-shaped, elongated rounded
squares, or mussel shell–shaped, sometimes with one side
sflattened

D. bulbifera, D. cayenensis Many fairly large granules, of rounded triangular form,
sometime elongated, rarely trapezoidal form

D. esculenta, D. hispida, D. dumetorum All granules small, rounded or polyhedral, sometimes
complex, as though built up from many smaller granules

D. digitata, D. sinuata, D. belizensis All granules small, rounded in form, often joined together
at one or more surfaces; starches of this group
are very similar to cassava or sweet potato starches

Sources: [67].

four groups (Table 2.57). In general, starch granules ofD. rotundata, D. cayenensis,
andD. alataare large (up to 50µm), whereas those ofD. esculentaandD. dumetorum
are much smaller (1–5µm). Other rheological properties of yams also vary among the
species (Table 2.58).

Although the small grains are far more numerous than larger ones, they only account
for a small percentage of the total mass of the starch content (Fig. 2.63).

The viscosity of yam starches varies with species. Results of measurement using
several yams produced in West Africa showed that viscosity fell appreciably with a rise
in starch temperature following heating (Table 2.59).

A transition temperature of 77.5◦C with maximum viscosity of 290 Braebender units
(BU) has been reported for yam starch using the Braebender amylograph [69]. A high
viscosity maximum of 470 to 690 BU forD. rotundatahas been measured, compared
with 100 to 200 BU forD. alata, 55 BU forD. esculenta, and 25 BU forD. dumetorum
[70]. The starches ofD. rotundataandD. alatahave high gel strength compared with the
other species. Starch properties vary among parts of the tuber, with the largest granules
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Table 2.58. Some rheological properties of yam starches

D. D. D. D. D. D.
alata rotundata cayenensis bulbifera esculenta dumetorum

Viscosity (BU) 150 720 220 40 65 120
Intrinsic 3.05 3.13 2.98 — — 3.15

viscosity (n)
Absolute density 1.513 1.511 1.519 — — 1.509

(g ·mL−1)
Water-binding 99.4 98.6 99.8 — — 97.4

capacity (%)
Iodine-binding 4.69 4.72 4.56 — — 4.95

capacity (%)
Gelatinization 88.0 77.5 90.5 89.0 79.0 85.0

temperature (◦C)
Gelatinization 65–71.5 63.5–71 68–74.5 (72) — — 65.5–72.5

temperaturea (◦C) 69b 66b 68b

Modified from [10, 61].
a Recorded temperatures correspond to loss of birefringence by 2%, 50%, and 98% of the starch granules.
b Mean.

Figure 2.63. Particle size distribution of D. esculenta starch. (Source: [10])
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Table 2.59. Viscosity characteristics of yam
starches in West Africa

Viscosity Gelatinization
Species (BU) Temperature (◦C)

D. alata 150 88.0
D. rotundata 720 77.5
D. cayenensis 220 90.5
D. bulbifera 40 89.0
D. esculenta 65 79.0
D. dumetorum 120 85.0

Source: [68].

Table 2.60. Swelling power and solubility of yam starches

Swelling Power (%) Solubility (%)

Temperature D. D. D. D. D. D. D. D.
(◦C) alata cayenensis dumetorum rotundata alata cayenensis dumetorum rotundata

60 5.01 8.25 7.38 3.10 2.70 1.30 2.64 1.80
70 7.05 9.88 8.96 7.50 3.50 2.40 4.35 4.21
80 11.50 11.97 12.15 12.55 4.55 4.25 7.02 6.05
90 15.45 14.83 15.52 16.50 6.98 7.90 7.02 6.05
95 20.50 16.90 18.65 21.50 7.80 13.80 16.80 11.90

Source: [61].

Table 2.61. Swelling and gelatinization attributes of yam starches

At 95◦C

Pasting Maximum Period of Apparent Critical
Temperaturea Viscositya Increasing Viscositya Rate of Concentration

Species (◦C) (BU) Increase Viscosity Swelling Value

D. rotundata 73.5 980 22.5 min 2.3 24.9 4.0
D. esculenta 78.5 500 Steadily increasing 23.0 4.3
D. cayenensis 75.0 690 16.5 min 2.4 21.3 4.7
D. alata 77.5 620 Steadily increasing 18.3 5.5
D. dumetorum 83.0 185 Steadily increasing 13.9 7.2

Source: [73].
a Data obtained from Braebender viscogragh curves.

located in the central portions of the tuber. In general, the viscosities of some yam
starches are relatively low, especially for species such asD. hispidaandD. anguina
[71]. This factor, in addition to the high costs of production, has limited the commercial
exploitation of yam starches for industrial application.

In general, most yam starches create viscous pastes with high gel strengths compared
with the starches of other tropical starch crops [72]. These rheological properties are
related to the swelling and solubility attributes (Tables 2.60 and 2.61) of the starch
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Table 2.62. Effects of cooking on yam

White Yam Yellow Yam Water Yam

Cooking Time Head Middle Tail Head Middle Tail Head Middle Tail

Starch release 3 min 8.0 9.0 6.5 6.0 5.5 5.0 6.5 7.0 6.0
(mg·g−1 5 min 9.0 10.0 7.5 6.5 6.5 5.8 7.0 7.0 6.5
fresh weight) 7 min 11.0 11.0 8.5 8.5 8.5 7.5 8.3 7.5 6.8

10 min 10.0 9.0 9.5 9.5 9.5 8.0 9.0 7.5 7.0
Compressive 3 min 12.2 11.4 10.8 12.8 10.8 11.8 10.4 10.0 10.4

strength (N·cm−1) 5 min 9.8 8.1 8.4 11.4 8.4 8.0 9.1 8.1 9.0
7 min 8.3 5.4 4.8 8.8 8.0 7.8 8.7 5.8 5.6

10 min 7.2 4.6 3.6 7.6 6.5 7.0 6.2 5.6 4.7

Source: [75].

Table 2.63. Rheological properties of yam (D. rotundata) dough at 15 minutes
after reconstitution

Steam Pressure Modulus of Elasticity Ultimate Yield Recoverable Energy
(Psig) (×105 dyne·cm−2) Deformation Elasticity (%) Ratio

0 5.2 0.50 66 0.77
5 4.9 0.48 73 0.71

10 4.4 0.45 81 0.55

Source: [76].

[61, 63], and also to the size of granules [74]. The consistency of yam food products
such as fufu or eba is related to the pasting properties of yam starches. Consistency
rises continually during the heating cycle and steadily during the holding period, with
no distinct peak height as is usually observed with wheat and a number of other cereals
[39]. Yam starches show increased swelling and solubility properties and stable hot-paste
consistency at high temperatures.

Thermomechanical Properties
Cooking and reconstitution affect the mechanical indices of texture in yam prod-

ucts. It has been shown that differences in texture were related to changes in the starch
granules after cooking [39], and the compressive strength of cooked yam discs was
correlated with the amount of starch released during cooking (Table 2.62). The de-
gree of starch damage also affected the modulus of elasticity, ultimate deformation,
recovery elasticity, and energy loss ratio of yam flakes (Table 2.63). These results also
were affected by the steam pressure in cooking for both reconstituted and dried product
(Table 2.64).

In comparison with the other principal yam species,D. rotundatahas significantly
higher viscosity, and the gel strengths were also moderately high (Table 2.65). These
engineering properties partly explain the preference forD. rotundatain the production
of foods in which a stiff dough is required, such as fufu in West Africa.
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Table 2.64. Influence of cooking conditions on properties of dried yam
(D. rotundata) product

Steam Pressure Powder Bulk Starch Damage Swelling Power Solubility
(Psig) Density (g·cm−3) (BVI) (cm3·g−1 solids) (g·cm−3 water)

0 0.31 ± 0.05 70 ± 2 11.7 2.4
5 0.30 ± 0.07 100 ± 3 11.7 2.6

10 0.28 ± 0.03 110 ± 1 13.2 3.1

Source: [76].

Table 2.65. Rheological properties of various yam starches

Viscosity (BU) Gel Strength (mL)

Pasting On Attaining Maximum Reached After After After
Species/Cultivar Temperature (◦C) 95◦C Before Cooling 24 h 96 h 168 h

D. rotundata
Puna 78 450 630 8.8 13.6 14.1
Labreko 78–79 260 470 4.3 6.2 8.0
Kplinjo 77 330 490 10.6 12.7 13.3
Tantanpruka 79 610 650 12.4 17.2 20.5
Tempi 80–92 430 520 7.5 10.5 10.8

D. alata
White-fleshed 85 25 110 14.8 16.5 17.2
Purple-fleshed 81 80 200 14.8 18.5 19.4

D. esculenta 82 25 55 2.5 4.0 4.6
D. dumetorum 82 25 25 — — —

Source: [70].
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2.6 Storage of Edible Aroids
Linus U. Opara

2.6.1 General

Terminology and Scope
The aroids (familyAraceae) contain many food crops grown in several tropical and

subtropical countries (Table 2.66). The most important edible aroids are thetaro or
cocoyam (Colocasia esculenta) (Fig. 2.64) and tannia or new cocoyam (Xanthosoma
sagittifolium) (Fig. 2.65), which together are calledcocoyamsin many parts of the world,
especially in Africa. For the purpose of this sections, the terminologyedible aroidsis
be used to include the cocoyams and other edible members of the Aracae family. If
distinction is necessary to highlight differences in storage and other attributes of the
two most important edible aroids, the termtaro is used forColocasiaand tannia for
Xanthosoma.

Because of their great economic importance compared with other types of edible
aroids, the information covered in this article is based on these two edible aroids. It is
important to note thatAlocasia cyrtospermaandAmorphophallusspp. are cultivated
globally to a very limited extent, and they are important food crops in some parts of
India, Southeast Asia, and the Pacific Islands [2].

Economic Importance
These aroids are cultivated in the lowland humid areas and contribute an important

part to the carbohydrate content of the diet in these regions. They produce edible starchy
storage corms or cormels. Although the edible aroids are less important than other
tropical root crops such as yam, cassava, and sweet potato, they are still a major staple in
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Table 2.66. Types of edible aroids

Botanical Name Common Names Comments

Colocasia esculenta Taro, malanga, old cocoyam, The term “taro” has also been used to
(L.) Schott eddoe, gabi, dasheen, ede refer to the edible aroids in general

Xanthosoma spp. Tannia, ede, new cocoyam X. sagittifolium is the most important,
while X. atrovirens, X. violaceum,
and X. carau are of lesser importance

Alocasia spp. Giant taro Includes A. macrorrhiza as the main cultivated
species and A. indica, A. fornicata, and
A. cucullata as minor species

Cyrtosperma Swamp taro —
chamissonis

Amorphophallus Elephant yam A. concophyllus, A. varialbis, and
campanulatus A. rivieri are also edible

Figure 2.64. Taro (Colocasia
esculenta) plant. (Source: [1])

some parts of the tropics and subtropics. In the South Pacific region in particular, aroids
represent a very high proportion of the root crops.

World production of edible aroids is difficult to estimate because of the subsistence
nature of agriculture in fragmented landholdings in the producing areas. Estimated world
production in 1988 was around 5.5 million ton, constituting about 3.3% of all root crops
[3, 4]. Total world production area of taro alone was estimated to be about 993× 103 ha
in 1983, with 80% in Africa [5]. During this period, global production of taro was 5.607
million ton, with about 61.33% in Africa and 38.67% in Asia.
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Figure 2.65. Tannia (Xanthosoma
saggittifolium) plant. (Source: [1])

Current estimates indicate that total world production of the major edible aroids (taro
and tannia) is about 5.23 million ton in an area of 983 million ha, with average yield of
5314 kg·ha−1 [6]. Production declined by 5.3% from 5.64 million ton in the period from
1979 through 1981 to 5.34 million ton in 1989.

In the South Pacific and parts of Africa, taro is a staple food, and in the Caribbean
and West Africa in particular tannia is the main edible aroid. Despite the importance
of edible aroids as a food source, there is comparatively little scientific information
on their storage physiology, and thus there is very limited application of modern and
improved storage technology to extend both storage and shelf life. Perhaps the dearth
of sustained research on postharvest physiology and response of edible aroids to new
storage technologies is partly due to the fact that these crops can be grown year-round
in tropical regions depending on the availability of water.

Nutritional Value
Aroids are grown chiefly for domestic consumption or sale in local markets, as the

possibilities for export are limited by their short postharvest life. In some warm regions,
however, improved postharvest techniques and availability of air freight are increasing
the export potential of edible aroids. The mature corms, young shoots, and leaves of
edible aroids are used mostly as boiled vegetables. The corms also are roasted, baked, or
fried and frequently processed into flour such as fufu in Nigeria. In the southeastern part
of Nigeria, tannia is used in small quantities as soup thickener after boiling and pounding
in the mortar to obtain a consistent paste. In addition to their high starch content, edible
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Table 2.67. Nutritional values of the major edible aroids per 100-g edible portion.

Taro (Colocasia esculenta) Tan(n)ia (Xanthosoma saggittifolium)

Corms Corms Leaf Stalks Corms Leaves Shoots

Major nutrients
Water 73 75 93 65 89 89
Calories 102 94 24 133 34 33
Protein (g) 1.8 202 0.5 2.0 2.5 3.1
Fat (g) 0.1 0.4 0.2 0.3 1.6 0.6
Carbohydrate (g) 23 21 6 31 5 5
Fiber (g) 1.0 0.8 0.9 1.0 2.1 3.2
Calcium (mg) 51 34 49 20 95 49
Phosphorous (mg) 88 62 25 47 388 80
Iron (mg) 1.2 1.2 0.9 1.0 2.0 0.3

Vitamins
β-carotene Trace Trace 180 Trace 3300 —

equivalent (µg)
Thiamine (mg) 0.10 0.12 0.02 0.10 — —
Riboflavin (mg) 0.03 0.04 0.04 0.03 — —
Niacin (mg) 0.8 1.0 0.4 0.5 — —
Ascorbic acid (mg) 8 8 13 10 37 82

Compiled from [10–13].

aroids have a higher content of protein and amino acids than many other tropical root
crops [7, 8]. Protein quality is essentially the same for all aroids, determined with lysine
as the first limiting amino acid (chemical score 57–70) [9].

The nutritional values of the major edible aroids are presented in Table 2.67. A
summary of comprehensive chemical analyses of large samples of aroids from different
countries also is presented (Table 2.68), as well as the highlights of the nutritional and
chemical composition (Table 2.69). This information may be used directly by food
scientists and engineers in developing improved food-processing operations and new
food products. The large variability of composition of root-crop data in general means
that the information in these tables must be used with some caution in making nutritional
calculation for specific regions and crop cultivars.

Postharvest Losses
The magnitude of postharvest losses of edible aroids is not well documented; however,

the indications are that losses are high. Estimated world postharvest annual losses of
edible aroids are about 1 million ton [14]. Under traditional storage systems, losses
of about 50% and 95% after 2 and 5 months, respectively, have been reported [15].
Storage losses are higher for taro than tannia [16], presumably due to differences in
corm structure, susceptibility to damage during harvesting and handling, and differences
in storage potential. Microbial rotting is the primary cause of postharvest losses and
reduced storage potential. A wide range of pathological organisms can attack wounds
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Table 2.68. Nutritional and chemical composition of edible aroids

Taro Tannia Giant Taro Giant Swamp Taro Elephant-Foot
(71 Samples (37 Samples (37 Samples (27 Samples Yam (7 Samples

from from from from from
3 Countries) 2 Countries) 2 Countries) 2 Countries) one Cultivar)

Moisture (%) 69.1 67.1 70.3 75.4 77.8
Energy kJ·100 g−1 480 521 449 348 336
Protein (%) 1.12 1.55 2.15 0.51 2.24
Starch (%) 24.5 27.6 21.5 16.8 16.6
Sugar (%) 1.01 0.42 0.96 1.03 0.14
Dietary fibre (%) 1.46 0.99 1.85 2.78 1.45
Fat (%) 0.10 0.11 0.10 0.16 0.06
Ash (%) 0.87 1.04 0.92 0.67 1.36
Minerals

(mg·100 g−1)
Ca 32 8.5 38 182 97
P 70 53 44 16 67
Mg 115 27 52 21 47
Na 1.8 6.6 30 72 4.1
K 448 530 267 67 622
S 8.5 7.9 12 3.3 12
Fe 0.43 0.40 0.83 0.61 0.51
Cu 0.18 0.19 0.07 0.11 0.18
Zn 3.8 0.52 1.57 2.3 1.05
Mn 0.35 0.17 0.62 0.69 0.31
Al 0.38 0.53 0.36 1.36 0.41
B 0.09 0.09 0.10 0.09 0.17

Vitamins
(mg·100 g−1)
Vitamin A

(ret. + -car./6) 0.007 0.005 0 0.005 0.07
Thiamin 0.032 0.024 0.021 0.025 0.06
Riboflavin 0.025 0.032 0.018 0.019 0.05
Nicotinic acid 0.76 0.80 0.48 0.46 1.2
Pot. Nic.

Acid = Trp/60 0.19 0.33 0.46 0.07 —
Total vitamin C

(AA + DAA) 15 14 17 16 3.8
Limiting amino

acids and score
First Lys 66 Lys 57 Lys 64 Lys 70 —
Seconds Thr 94 Leu 81 His 91 Leu 97 —

Ileu 93
Organic acid anions

and calcium
oxalate
(mg·100 g−1)

Total oxalate (Ox) 65 42 42 288 18
Soluble oxalate 35 44 17 45 —

(cont.)
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Table 2.68. (Continued)

Taro Tannia Giant Taro Giant Swamp Taro Elephant-Foot
(71 Samples (37 Samples (37 Samples (27 Samples Yam (7 Samples

from from from from from
3 Countries) 2 Countries) 2 Countries) 2 Countries) one Cultivar)

Calcium oxalate 43 23 37 399 —
Free calcium 10 0 15 10 —
Malate 107 211 320 106 105
Citrate 102 314 278 86 142
Succinate 168 506 370 295 0
Trypsin inhibitor

(TIU)·g−1) 14 0.3 269 2.5 0.56
Chymotrypsin

inhibitor
(CIU)·g−1) 0 0 57 0 —

Source: [9].

Table 2.69. Highlights of nutritional and chemical composition of edible aroids

Nutritional and Chemical Composition

Taro (Colocasia esculenta) Middle-range energy, protein, and vitamins; high K, Zn; low Na;
medium trypsin inhibitor; some cultivars acrid

Tannia (Xanthosoma spp.) Like taro, but high in nicotinic acid, lowest in free Ca (zero), and
low in trypsin inhibitor; some cultivars acrid

Giant taro (Alocasia spp.) Middle-range energy, highest protein; lowest β-carotene (zero),
thiamine, and riboflavin; high Fe and Mn, low K and Cu, very
large amount of trypsin/chymotrypsin inhibitor; acrid

Giant swamp taro (Cyrtosperma Low energy and protein, high dietary fiber, low vitamins; high
chamissonis) Na, Zn, and Mn, very low K; large amount of total oxalate and

calcium oxalate; some acridity
Elephant-foot yam Low energy, highest protein; high total Ca, calcium oxalate, total

(Amorphophallus campanulatus) oxalate, K, Mg, P, Zn, and Mn; some acridity

Source: [9].

that occur during and after harvest, thereby causing decay and subsequent rots [16–23].
Rot-causing organisms are mostly soil-borne and are found on the surface of corms and
cormels at harvest.

2.6.2 Maturity and Harvesting

The condition of the leaves is a good maturity index. Edible aroids are mature for
harvesting when the leaves begin to turn yellow and start to wither. Taro generally matures
in 240 to 300 days from planting, although the eddo type matures in 180 to 210 days. The
corms are lifted by hand and the main tuber often is harvested with the smaller corms left
to develop later. Yields are variable but for taro may range from 4 to 6 ton·ha−1 and up to
15 ton·ha−1 has been recorded [13, 24]. Mature taro produces a large edible main corm
and a few lateral cormels, about 4 to 10 in number. Tannia is mature in 240 to 420 days
after planting, with small cormels 15 to 22 cm in length attached to large corms. These
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should be harvested before they produce new shoots. The corms are lifted by hand, and
mature cormels may be harvested continuously for 500 days or more, leaving the main
corm in the ground. Tannia yields about 6 to 12 ton·ha−1 of corms, but yields of 12 to
20 ton·ha−1 often are obtained.

2.6.3 Postharvest Handling and Curing

Handling
Harvested corms usually are carried in baskets, jute bags, or carts from the farms

to storage room or directly to the market for sale to the consumer [1]. Some harvested
corms are consumed by the farmers directly or put in storage for later use (Fig. 2.66).
Corms are susceptible to mechanical injury during harvesting and postharvest handling,
and it has been reported that mechanical damage is the major reason why corms fail to
meet consumer and storage standards [1]. Extra care should be taken to avoid damage
to the corms during postharvest handling, because the presence of damage may lead to
rapid deterioration during subsequent handling and storage. Impact studies have shown
that the percentage of corms damaged by dropping does not change very much with drop
height (Fig. 2.67), but the severity of damage increases significantly with the drop height
(Fig. 2.68).

For the fresh market, taros normally are washed and the roots and fibers discarded.
They are graded and packed in crates for transportation. Crates are preferred because
they are firm and reduce the incidence of mechanical damage to corms. Corms destined
for storage are cleaned but not washed and also may be cured to enhance repair of any
physical injury present.

Cleaning the edible aroids to meet strict export quarantine requirements is an essential
part of the postharvest handling system. Currently, New Zealand regulation stipulates

Figure 2.66. Postharvest handling system for
corms. (Redrawn from [25])



    

Storage of Edible Aroids 221

Figure 2.67. Drop height
against percent damage of

corms.
(Redrawn from [25])

Figure 2.68. Probability of severe damage of
corms at different drop heights.

(Redrawn from [25])

no more than 25 g of soil per 600 units (or corms). Taro destined for export is cleaned
by hand by scraping or washing in water at the packhouse. Hand cleaning is labor-
intensive and takes considerable time and work quality is difficult to control. Although
experimental washing of taro corms grown in paddy conditions has been reported, no
mechanized cleaning equipment is yet available [26]. Based on an assessment of several
crop-cleaning machines in Samoa in terms of time taken to clean to export-crop standard,
uniformity of cleaning, damage to corms, complexity of the machine, and cost, it has
been recommended that the carrot-barrel washer with some manual finishing could be
used for cleaning taro corms to meet export standards [26]. The cost of this machine was
about US$5000 in 1995.
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Curing of Corms
Several wounds are made on tannia corm when the cormels (usually 4 to 10 in number)

are removed, and one wound inevitably is made on taro cormels when they are cut off
from the parent corm. During trimming to remove the residual planting material from
the base of the corms and the petiole of leaf base, additional wounds also are made
that have poor healing properties [27]. Because wounding of corms is necessary during
harvesting and trimming, it is important that the crop is cured before long-term storage
to in order to promote a rapid wound-repair process, thereby slowing down the rates of
physiological and pathological deterioration.

Traditionally, curing usually is accomplished by placing corms in the sun until the
wounded surface dries out. Corms also can be cured in naturally ventilated barns or other
storage structures. Curing is less effective if damage to corms is extensive. Fungicide
treatment may be necessary if base trimming is practiced.

In-depth studies on the effects of curing on aroids are scanty. Curing can be achieved
at elevated temperatures in a high-humidity environment, but the application of agro-
chemical sprout-suppressants has been suggested to cause an inhibitory effect on wound
healing and periderm formation [17, 28, 29].

Curing corms at 35◦C and 95% relative humidity for 5 days reduces the rate of
sprouting and weight loss in tannia [12, 25], and temperatures below 20◦C have been
reported to cause very slow wound healing of dasheen cormels [27]. It was recommended
that brief storage of corms under tropical ambient conditions (24 or 30◦C with 85%
humidity) promoted curing in taro and tannia corms [30, 31]. Other studies have reported
that the best conditions for wound healing were 34 to 36◦C with 95% to 100% relative
humidity [32]. However, under these conditions wound healing occurred more readily
at the top of corms than at the base and sometimes failed to occur at the base. If corms
had severe bruising, periderm develops sporadically.

2.6.4 Storage of Fresh Corms

There is considerable variation in the storage behavior of the different edible aroids.
Taros are more difficult to store than tannia [17, 31]. Storage of fresh corms is important
for distant marketing, to free farm land for new cropping, and to ensure the availability of
seed cormels in the next planting season. Edible aroids have a short period of shelf life,
however, and this creates specific problems with the supply of new planting materials.
In particular, storage at ambient temperatures is considered impossible due to a very
high incidence of fungal decay. Under high storage temperatures (25◦C and above) and
humidities (85% and above), more sprouting and decay occurs with taro than with tannia
cormels [31]. However, less sprouting and decay occurred with taro at high temperature
and low humidity than at high temperature and high humidity, but weight loss was higher.
Under tropical ambient conditions, tannia cultivars were stored successfully for about 5
to 6 weeks, but up to 60% decay occurred in taro corms.

Traditional Low-cost Structures
Aroids are stored in a variety of traditional low-cost structures such as shade, huts,

and underground pits. Sometimes the corms are placed in boxes before loading into the
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building. Corms also may be stored in heaps in the shade or covered with straw or plantain
leaves. In parts of southern China, it is common practice to pile the corms in heaps and
cover them with soil or seal them in leaf-lined pits in the ground [33]. In parts of the
Philippines, corms are stored on wooden platforms with the corms arranged in irregular
rows and covered with dry grass and finally with soil. As practiced in some parts of the
South Pacific, corms may be harvested with about 30 cm of their basal petioles attached,
tied into bundles, and stored suspended in the shade. In pit storage, corms are placed
inside pits and covered with leaves and soil [34]. Storage in leaf-lined soil pits also is
practiced. The pits or trenches usually are dug in well-drained soil in shaded areas. In
some parts of Nigeria, the trenches then are covered with dry grass and finally soil. These
traditional storage conditions reduce moisture loss and promote the curing of wounds.
The storage life of taro corms has been extended for up to 4 weeks with no effect on the
storage of tannia [21, 27, 34]. Under these conditions, the incidence of fungal infection
is reduced and the corms remain physiologically active, leading to production of roots
and shoot.

Studies carried out in Cameroon showed that traditional storage pits in a confined
environment gave more satisfactory results than storage on trays in well-ventilated huts
[7]. After several weeks of storage, there was no difference in taste or texture between
stored and fresh corms. After 4 weeks, however, 10% to 20% of the corms was destroyed
by bacterial infection. Storage losses can be reduced by minimizing the occurrence of
mechanical damage and leaving the corms untrimmed [4]. Taro can be stored in shaded
pits for about 4 months without significant losses in quality and quantity, and satisfactory
storage has been achieved for up 3 months under a variety of tropical conditions. In
general, tannia keeps better in traditional pit storage than in a ventilated room or barn
[13]. Mature tannia corms do not deteriorate if left in the ground, and it is also common
practice to harvest corms for immediate utilization as required.

Modification of traditional storage structures to achieve improved environmental con-
trol also can improve the storage life of corms and reduce incidence of decay. For instance,
a comparison of corms (with roots and petiole intact) stored in a modified clamp (27–
28.4◦C, 90%–98.8% relative humidity) or in a hut (29.8–32◦C, 58.8% humidity) showed
that the percentage of decay was less in clamp storage than in hut storage.

Although most traditional methods of storage have been practiced since time im-
memorial, they are suited mainly for short-term storage and have limited success with
long-term storage, which is a prerequisite for modern-day postharvest handling and
marketing. Existing results are largely variable, and in many instances the corms de-
cay and become unfit for human consumption after a short period. Different levels of
corm wastage and losses have been reported for different lengths of storage and for the
different types of edible aroids (Table 2.70).

It has been shown that taro and tannia can be stored at tropical ambient conditions
(24–29◦C with 86%–98% relative humidity) for at least 2 weeks without significant
changes in nutritional values such as crude protein content and total amino acids [31].
However, there is a significant reduction in starch content and an increase in total sugar
content. During this period, also, sucrose was the most abundant sugar and maltose was
consistently the least abundant in both fresh and stored corms.
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Table 2.70. Storage losses of corms under traditional storage methods
in ambient conditions

Type of Aroid Length of Storage Degree of Losses

Taro 5–10 d Became unfit for human consumption
Taro 1–2 wk Became unfit for human consumption
Taro 2 wk Decayed rapidly
Taro 6 wk 28% fresh-weight loss and 53% decay
Taro 2 mo 50% loss
Taro 3 mo More than 30% wastage
Taro 5 mo 95% loss
Tannia 2 wk 5% decay
Tannia 6 wk 35% fresh-weight loss and 40% decay

Compiled from [15, 17, 21, 23, 35].

Table 2.71. Recommended storage conditions for tannia

Temperature Relative Length of
(◦C) Humidity (%) Storage

7 80 17.1–18.6 wk
7.2 80 18 wk
7–10 80 16–20 wk
15 85 5–6 wk

Compiled from [13, 31, 37, 38].

Ventilated Storage
During storage in well-ventilated stores (about 26◦C and 76% humidity), tannia corms

had 1% weight loss per week, but sprouting occurred after 6 weeks. The corms still were
edible after 9 weeks, storage [36]. Other studies have shown that tannia corms may
be stored in well-ventilated conditions for up to 6 months [13, 21], although loss of
eating quality was observed after 8 weeks. Several factors including corm maturity, en-
vironmental condition, agroclimatology, extent of physical injury, and preharvest factors
contribute to the variable storage results. Studies carried out in the Philippines showed
that ventilated storage of corms in the dark at 24◦C resulted in 30% decay after 1 to 3
weeks [7].

Refrigerated Storage
Corm storage life is improved using low-temperature refrigerated storage (Tables 2.71

and 2.72). However, refrigerated-storage techniques have higher costs compared with
traditional and ventilated-storage methods. They require capital investment in equipment,
packaging, relevant skilled technical labor, and a power supply.

Selection of any storage technique must be guided by consideration of a crop’s eco-
nomic value, its intended use, and the appropriateness of the technology to local condi-
tions.

At low temperature (15◦C) and high humidity (85%), both taro and tannia successfully
have been stored for 5 to 6 weeks [31]. Storage life generally is improved at conditions
of lower temperature and high humidity. If the storage environment can be maintained
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Table 2.72. Recommended storage conditions for taro

Temperature Relative Length of
(◦C) Humidity (%) Storage

4.4 — 3.5 mo
6.1–7.2 80 —
7.2 70–80 90 da

7.2 85–90 120–150 db

7–10 85–90 4–5 mo
10 — Up to 180 dc

10 — 6 mo
11.1–12.8 85–90 21 wk
11–13 85–90 5 mo
12 90 5 mo
13.3 85–90 42–120 d
20 60 2–4 wk

Compiled from [7, 13, 36, 38–43].
a Malanga type.
b Taro type.
c Dasheen type.

at 11 to 13◦C and 85% to 90% relative humidity, the length of storage of taro can be
extended to about 150 days. For tannia, storage at 7◦C and 80% humidity has been found
to maintain corms in good condition and good eating quality for about 120 to 130 days
[13]. Taro packed in soil in brick containers or in pits stored for up to 5 months in China at
ambient temperature of 8 to 15◦C or lower [4]. Storage periods of 6 to 7 months also have
been recorded under similar conditions [33]. International sea- and air-freight shipping
of taro from the South Pacific in refrigerated containers and chambers and subsequent
storage at 3 to 5◦C in market stores is now practiced commonly. The corms remain
in good condition for up to 6 weeks, but once they are exposed to ambient conditions
they deteriorate rapidly after 24 hours [44]. Tannia export shipments at 13 to 14◦C from
Puerto Rico to the United States generally are in poor condition on arrival after the 9-day
journey. After subsequent storage at 15◦C and 65% relative humidity for 30 days, the
corms had decayed.

Other Storage Techniques
Aroids also have been stored in plastic bags alone or in combination with traditional

storage structures. The conditions created inside the bag reduce moisture loss and fa-
cilitate the curing of wounds. Packing taro corms in plastic bags and closely tying the
open end with rubber bands reduces the decay severity and percentage weight loss [45].
For commercial handling purposes, packing in polyethylene bags often follows the se-
lection of good-quality corms, fungicide application and draining, and air drying. It has
been reported that the storage life of corms in such bags was 26 to 40 days longer than
the life of those packed in cartons [7]. Taros stored in polyethylene bags showed a 6%
loss in fresh weight and 50% decay; tannia suffered a 9% weight loss and 30% decay
[17]. In comparison with traditional storage in trenches or pits, corms kept in polyethy-
lene bags survived well for up to 30 days without appreciable changes in taste and
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texture. Dipping corms in 1% NaCl before storage in polythene bags provided additional
protection against fungal infection [35], and the best storage results were obtained when
the petioles and corm apex were left intact. Ash may be added as a fungicide.

Storage media such as coir dust and hull ash have been reported to increase storage
life and reduce the severity of decay of corms. In trials withColocasia(dasheen type),
placing corms in a medium of rice-hull ash extended the usual storage life of corms by
14 days [46]. The following procedure was followed: Corms with petioles and about 5
cm of leaf stalk were packed in boxes made of marine plywood (46× 61× 31 cm),
and rice-hull ash (40%–45% moisture) was spread evenly at the bottom of the box at
a thickness of about 5 cm. A layer of corms was placed on the ash and covered with
another layer of the same medium about 3 cm thick. This arrangement allowed 10 corms
in a box. Results showed that after 30 days, storage, corms stored in moist rice-hull ash
had the least weight loss (8.5%) and severity of decay (<20%) compared with corms
stored without any medium, which had decay severity 80% or greater. In addition, corms
stored without medium also were the first to show severe decay.

The presence of roots and petioles affects the storage potential of edible aroids. In a
study of three groups of taro corms (without petiole and growing point; with a growing
point and 15 cm petiole; and with a growing point and 30 cm petiole), packed in plastic
boxes (46× 30× 15 cm) and stored inside a building with adequate ventilation and
lighting (20.7–24.3◦C) over a period of 5 weeks, the corms incurred weight losses of
16.1%, 22.0%, and 27.4%, respectively [47].

In another study [48] with four categories of taro corms (group I with roots and peti-
oles, group II with petiole and roots removed, group III with roots and petiole removed,
and group IV with roots and petiole intact) stored under ambient conditions (27–32◦C,
65%–85% relative humidity) over a period of 2 weeks group I corms showed a smaller
weight loss and more severe decay (20% of total corm area); groups II and IV showed
more weight loss but less decay. Group IV also had less decay and more weight loss
than group I when corms were stored in a modified clamp or in a hut. The biochemical
pathways or physiological mechanisms for the reduction of decay in corms stored with
petioles and roots is not yet known; however, the greater weight loss was attributed to
the increased surface area for moisture transport due to the presence of petiole and roots,
in addition to the high sap and water content of the petiole.

Tannia corms can be stored satisfactorily in damp coir media with significant reduc-
tions in weight loss and decay incidence. During a 6-week storage trial in which edible
aroids were put in boxes containing coir dust and stored under ambient conditions (27–
32◦C), taro corms showed a 28% weight loss and 50% decay, while weight loss and
decay were 30% and 25%, respectively [17]. If corms were stored in boxes containing
moist coir, taro showed a 21% weight loss and 50% decay, while weight loss and decay
were only 7% and 5%, respectively. For best results, it important to ensure that the coir
is damp and not wet, as the latter exacerbates decay of corms.

2.6.5 Control of Storage Diseases and Disorders

Rot and decay of stored corms is a problem with edible aroids and can be caused
by representatives of all the major taxonomic groups [4]. Fungicide application is often
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Table 2.73. Effectiveness of fungicides commonly used to control postharvest decay
of edible aroids

Fungicide Effectiveness

Benomyl Effective where Botryodiplodia theobromae is the predominant decay
organism; ineffective against Phycomcyetous fungi;
recommended in countries where Phytophthora colocasiae
and Pythium splendens cause major storage losses

Copper oxychloride Controls corm rots caused by P. colocasiae
Captafol, mancozeb Only delay B. theobromae rots by ∼10 d
Sodium hypochlorite Effective against all common storage decay fungi in the Pacific except

Sclerotium rolfsii

Source: [4].

necessary, and to be effective the fungicide must have a large spectrum of activity to cover
the broad range of decay-causing microbial organisms. Tannia suffers from far fewer
postharvest problems than does taro, and fungicide treatment often is recommended [31].
Microbial rotting and decay in stored edible aroids has been delayed with varying degrees
of success by prestorage application of fungicides as dips and dusts. A summary of major
fungicides applied and their effectiveness is presented in Table 2.73. It should be noted
that sodium hypochlorite is cheaper and safer to handle than other fungicides and leaves
no residue on the corms [34, 44]. To be effective, the fungicide must be applied within
24 hours of harvest [49]. In addition to fungicide treatment, waxing and chlorine dips
also reduce storage losses of tannia [50]. As in all cases, the use of fungicides and indeed
all agrochemicals must be checked with the appropriate local agrochemical authority or
agency, as there are many regulations limiting the use of certain materials.

Dormancy is important in edible aroids because it determines the storage life of corms.
Storage is no longer possible once sprouting occurs. The mechanisms and physiological
basis of dormancy in aroids have not been well studied. Although it is believed that corms
generally exhibit short dormancy, and the existence of dormancy in tannia cormels has
been suggested [51, 52], no experimental evidence is available to support this.

Edible aroids are susceptible to chilling injury with low-temperature storage, although
the phenomenon has not been investigated extensively. Internal browning due to chilling
injury after storage of taro at 4◦C for 10 days has been reported [53].

2.6.6 Agroprocessing and Utilization

The food requirement of the rapidly increasing population in tropical developing
countries exerts tremendous pressure on the agricultural sectors and food supplies in
these regions. The short postharvest shelf life of edible aroids, especially taro, even
under refrigerated storage makes it essential that practical and economical methods be
developed and used to derive maximum utilization and popularization of these underuti-
lized tropical root crops. In addition to the conventional uses as vegetables (boiled, fried,
or baked), the corms and leaves of edible aroids also can be processed into secondary
food products as well as raw materials for livestock and other industries. It should be
noted that the corms of taro and tannia contain raphid and small quantities of cyanide
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and therefore should not be fed to humans or livestock without cooking. Raphids are
minute bundles of crystals of calcium oxalate (0.1%–0.4% of fresh weight of taro), which
accounts for the irritating effect of the raw corm.

Processed Food
The readily digestible small starch grains of taro (1–4µm) compared with the large

grains of tannia (17–20µm) makes taro suitable for several food products especially
as food for potentially allergic infants, and persons with gastrointestinal disorders [2].
Among the root crops, taro is perhaps most widely prepared or processed into more
consumable forms. These include poi (fresh or fermented paste, canned, and canned-
acidified), flour, cereal base, beverage powders, chips, sun-dried slices, grits, and drum-
dried flakes [54, 55].

Cocoyam flour can be manufactured in several ways, but the key operations include
peeling fresh or precooked corms and cormels, drying, and grinding into flour. In com-
mercial practice, the flour is made by peeling the corms and cormels, slicing them, and
washing them thoroughly with water to remove adhering mucilage. After soaking in wa-
ter overnight, the slices are washed and immersed in 0.25% sulphurous acid for 3 hours.
Finally, the slices are blanched in boiling water for 4 to 5 minutes, dried thoroughly at 57
to 60◦C, and then milled into flour. The details and comparison of alternative processes
for manufacturing cocoyam flour are well documented [54], including those developed
and practiced in Hawaii, India, Samoa, and Nigeria.

The corms and cormels of cocoyams can be boiled and pounded into a paste like
pounded yam in parts of West Africa. In southeastern Nigeria in particular, boiled co-
coyams also can be mixed with boiled yam or gari (a type of cassava flour) and pounded
into a paste. The paste usually is made into balls and swallowed after dipping in soup or
stew.

Taro also can be processed into poi, which is a purplish-gray paste. Poi is considered
an excellent food and is popular in Hawaii and the South Pacific. It is sold commercially
in plastic bags, jars, or cans in Hawaii. Poi is prepared as follows: First, the corms and
cormels are pressure-cooked, washed, peeled, and mashed into a semifluid consistency;
the product then is passed through a series of strainers, the final strainer having a 0.5-mm
diameter grade; and finally, the product is bagged and sold as fresh drink or stored in
room temperature to ferment through the action ofLactobacillsspp. bacteria. Following
the fermentation, the product becomes more acidic (pH declines from about 5.7 to 3.9).
In some areas, coconut products may be added to the fermented poi before consumption.

Canned fresh (“ready-to-eat”) poi is the unfermented product less than 4 hours old con-
taining 18% total solids or more. For a standard 566-g can, the thermal process requires
about 100 minutes of cooking time at 116◦C [56]. On the other hand, canned-acidified
poi is the unfermented product less than 4 hours old to which 1% w/w commercial-grade
lactic acid (50% lactic acid) has been added. It usually contains 18% or more total solids,
with a shelf life comparable to other canned foods [56]. In trials with gamma-radiation,
a minimum of 7 kGy was required to increase the shelf life of poi to 7 to 10 days [57].
High-quality dehydrated poi made by freeze-drying has been reported; however, the
process was considered expensive.



       

Storage of Edible Aroids 229

The edible aroids, and in particular taro, can be made into about a dozen different
food products. An extensive review of the experimental and commercial processes for
these products can be found in ref. [54], and readers interested in these details are
advised to consult this reference. In summary, these reports demonstrate that stable
intermediate products such as flour and dried slices can be prepared and further extruded
into convenient, ready-to-use, stable forms such as taro rice, noodles, and macaroni.

Animal Feedstuff
In many parts of the tropics and subtropics where cocoyam and other root crops are

grown as staple foods, development of the livestock industries still is hampered by the
lack of or inadequate production of feeds. Often, imported feeds are too expensive for
farmers in these subsistence environments. The use of cocoyam by-products including
leaves potentially could maximize animal production at minimum expense to assist in
meeting the food requirements in these areas. Besides the benefit of producing animal
feed and therefore either a new source of income or the ability to feed more domestic
livestock, removal of the leaves would improve field sanitation [58] and reduce the
subsequent land preparation required.

It has been noted that root crops in general, and taro in particular, would make an
excellent source of animal feed [59]. Silage made from the entire crop was suggested
specifically. Indeed, taro corms, cormels, and leaves are used to a limited extent as animal
feed. This limited use is attributed to the acridity problem that renders the leaves, petioles,
and corms unacceptable for use without costly, high-energy preparation [60]. All parts
of the plant contain acrid principles that are irritating to the mouth and esophagus; these
can be removed by cooking or fermentation.

The potential of cocoyams as an animal feed is too great to be ignored, considering the
high yield of petioles, top, and leaves. Based on an average of 2 kg of taro tops per plant
per 31 weeks and a spacing of 80× 80 cm, a yield of 52.5 metric ton per hectare per year
has been estimated [61]. Some aroids such as giant taro can yield up to 167.8 metric ton
of leaves and stems per hectare per year. Optimum fertilizer application raised the yield
to 226.8 metric ton per hectare per year, the equivalent of 27.2 metric ton dry matter with
34% crude protein and 17% carbohydrates [62, 63]. Experimental trials indicate that up
to 7 ton of taro leaves and petioles per hectare can be achieved in a 3-month period [64].
Yields of 9 to 14 and 16 to 25 ton·ha−1·y−1 fresh weight of tops have been reported for
Lehua Maoli and Bun-Long aroids, respectively [61].

Considering the high moisture content of the plant tops (up to 88%) in addition to the
acridity problem, there is clearly the need for some level of processing for storage and
neutralization of the acridity if root and tuber crops are to used for animal feed. Field-
drying alone cannot adequately meet this requirement for leaves, tops, and petioles,
considering their high moisture content and the environmental conditions under which
the crop is grown. The silage process therefore has been recommended, and the goal is
to have the material ferment quickly and reach a state of equilibrium [65]. A good silage
therefore should have less than 75% moisture, a pH of 4.5 or below, a low ammoniac
nitrogen level; little or no butyric acid, and a lactic-acid content of 3% to 13% on a
dry-matter basis [65–67].
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Figure 2.69. Typical cross-sectional view of a trench silo for ensiling taro. (Source: [68])

The silage process is well documented in general agriculture literature. It depends
primarily on lactobacilli acting in anaerobic conditions to lower the pH of the forage
through production of lactic and other organic acids to preserve the material. The avail-
ability of carbohydrates in the forage as an energy source for the lactobacilli is critical.
For materials destined for ensiling, proper harvesting and packing techniques must be
used to ensure that air is excluded from the trench. This also prevents the production
of unwanted products such as butyric acid. Successful ensilage is measured in terms of
the efficiency of preservation and the usefulness of the end products for animal feed.
The lactic acid is the primary constituent that preserves the silage and also has a positive
correlation with animal intakes due to increased palatability. However, the primary factor
affecting the performance of animal feed on silage is the feeding value of the crop at the
onset of ensiling [68].

Experimental trench silos have been constructed and used successfully to ensile the
leaf, petiole, and whole parts of taro (Fig. 2.69). Based on test results, it was found that
the acrid factor or factors in taro were either neutralized or destroyed, whereas the raw,
unensiled material was quite acrid and caused irritation to workers handling the material.
In addition to these results, other studies on the feeding value of taro silage have shown
that the fermentation characteristics are comparable with other silage, and that taro silage
could meet much of the feed needs for brood sows with no reproductive problems and
good litter performance [61].

The problem posed by the high moisture content of taro silage (90%–92% water)
as an animal feed can be minimized by ensiling taro tops along with other feedstuffs
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Table 2.74. Feeds satisfactorily ensiled with taro tops

Energy Feeds Dry Roughness and Grasses Agricultural By-products

Rolled barley Rice straw Rice bran
Rolled corn Guinea grass hay Chopped banana plant
Pineapple bran Pangola grass Whole-plant sugarcane
Molasses Paragrass Seedcane tops; cane trash

Source: [61].

(Table 2.74). This ensiling process also allows the preservation of taro forage without
the use of energy for drying.

In many tropical developing countries, edible aroids and other indigenous nonconven-
tional feedstuffs can help to lower feed-energy costs and save some quantity of cereals
for human food. Results of chicken-feeding trials have demonstrated that root crops
such as taro can serve as base feeds in replacement of cereal (corn) with better cost and
performance [69–72]. Analysis of the economic costs of using taro in broiler rations in
the Philippines showed that the use of taro meals at 12.5% yielded a better profit and
had a better rate of return on investment than the control with corn as the base feed, and
it was concluded that taro meal can replace corn in terms of profit for broilers at 49 days
[73]. A minimum of 20 chicks were used for each treatment. Typical composition of dif-
ferent rations and the performance evaluation on broiler chicks are shown in Tables 2.75
and 2.76.

Table 2.75. Composition of different taro-based rations and a control used
in feedstuff evaluation

Rations

Feedstuff A B C D E

Taro (%) 0 12.5 25.0 37.5 50.0
Corn (yellow) (%) 50.0 37.5 25.5 12.5 0
Rice bran (%) 5.0 5.0 5.0 5.0 5.0
Copra meal (%) 12.0 9.8 7.7 5.6 3.5
Soybean-oil meal (%) 18.0 20.0 22.0 21.0 26.0
Fish meal (%) 10.0 10.0 10.5 10.0 10.0
Ipil-ipil leaf meal (%) 3.0 3.0 3.0 3.0 3.0
Bone meal (%) 1.0 1.0 1.0 1.0 1.0
Vegetable oil (%) 0 0.2 0.3 0.4 0.5
Salt (%) 0.5 0.5 0.5 0.5 0.5
Vitamin-mineral premix 0.5 0.5 0.5 0.5 0.5
Calculated analysis

Protein (%) 21.79 21.79 21.84 21.84 21.86
Fat (%) 4.33 4.17 3.92 3.66 3.37
Fiber (%) 4.96 4.91 4.86 4.82 4.78
Energy (Kcal·kg−1) 2993.27 3025.23 3052.04 3078.85 3105.66
Protein-energy ratio 1:137.37 1:138.34 1:139.75 1:140.97 1:142.07

Source: [73].
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Table 2.76. Cost and feed performance analysis on broiler chicks fed on taro meal

Treatment

Taro Meal 0% 12.5% 25% 37.5% 50%

Cost of 25.85 a 24.24 abc 25.44 ab 25.04 abc 22.04 d
production (P)

Profit (P) 4.36 b 6.16 a 0.84 c −3.72 d −3.77 e
Return on 16.89 b 25.41 a 3.21 c −14.87 d −17.11 e

investment (P)
Feed cost per kg 15.26 d 14.99 d 17.77 c 24.95 b 30.97 a

live weight (P)
Initial weight (kg) 46.9 46.9 46.9 46.9 46.9
Weight gain (kg) 1324.8 ab 1335.1 a 1148.6 c 922.1 d 798.47 d
Feed 3634 cd 3638.2 cd 3770.9 c 4342.2 b 4678.3 a

consumption (kg)
Feed conversion 2.05 cd 2.02 cd 2.35 c 3.24 b 4.12 a

efficiency

Adapted from [73].
Note: Any two means having a common letter in a row are not significantly different at 5% using DMRT.
P, Phillipine pesos.

Industrial Raw Materials
Industrial use of edible aroids is very limited, although the starch (an important

industrial raw material) content of taro, for instance, accounts for nearly 78% of the
carbohydrate fraction (Table 2.77). The small size of the taro starch grains (1–4µm)
makes them readily digestible as a food material but unsuitable as a source of industrial
starch. Furthermore, although the protein content of taro corms (1.4% to 3.0% on fresh-
weight basis and about 7% on a dry-weight basis) is slightly higher than that of other
major root and crops, and they are also rich in essential amino acids, they are rather low
in histidine, lysine, isoleucine, tryptophan, and methionine [2].

Despite the considerable efforts made and some success achieved in promoting the
growing and utilization of aroids as a food source in many tropical developing coun-
tries, economic considerations such as high labor demand and special agroclimatology
requirements for crop growth so far have hampered the exploitation of edible aroids

Table 2.77. Fractional analysis of
carbohydrate content of taro corm

Component %

Starch 77.9
Pentosans 2.6
Crude protein 1.4
Dextrin 0.5
Reducing sugars 0.5
Sucrose 0.1
Amylose 17–28

Sources: [74, 75].
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Table 2.78. Characteristics of taro starch, cereal starches, and
potato starch

Particle Size Pasting or Gelation
(µm) Temperature (◦C)

Taro
Akalomama 6 64
Bun-Long 5 71
Antiquorum (cv Martin) 3.5 68

Wheat ∼15 54
Rice 5 64
Potato 50 60

Source: [78].

as export crops and sources of industrial raw materials. Starch derived from the edible
aroids, however, has the potential to augment the high demand of world cereal crops
and other starch-yielding crops that are especially capable of growing in tropical and
water-logged terrain.

The special quality attributes of aroid starch that are relevant to industrial applications
include particle size, pasting temperature, and amylose content. The particle size of
starches of aroids sets them apart conspicuously from more familiar commercial starches.
Comparison of the results of microscopy [76, 77] and laser-light scattering [78] studies
shows that several taro varieties have particle sizes 1 to 6.5µm mean diameter, compared
with rice starch at about 5µm, which is the finest of the commonly available starches.
Thus, taro starch literally takes over where the commercial starches finish. On the other
hand, the starch of tannia has relatively large grains with average diameter of 17 to
20µm. Edible aroids, therefore, cover a unique wide range of particle sizes.

In addition to particle size, pasting or gelation temperature of starch also is important
during processing and industrial applications. Data available indicates that aroids have
high gelation temperatures compared with traditional starch sources (Table 2.78). These
data indicate that edible aroids and taro in particular could provide a unique combination
of small particles with high gelation temperatures.

In combination with small particle size, taro varieties can offer a choice of high or
low amylose content, as indicated by iodine affinity (Table 2.79). Assessment of amy-
lose content by iodine affinity is the most widely reported measurement for quantifying
the internal structure of starch grains, and this generally is determined by potentiomet-
ric titration [81]. The amylose of taro starch has 490 glucose units per molecule; the
amylopectin has 22 glucose units per molecule.

Consideration of these properties of aroids (taro in particular) and a review of general
starch-application technology highlights specific areas in which the properties of aroids
starch can be applied in commercial industries. These areas include cosmetics, syrups,
gums, modified-atmosphere packaging film, fillers/modifiers for plastics, and renewable
energy. These industrial applications have been reviewed extensively [54], and only a
summary of the major potential uses are presented here.
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Table 2.79. Iodine affinities of taro starch and other crop starches

Particle Size Iodine Affinity
(µm) (%)

Taro
Uramata 1.5–4.0 2.5
Globulifera 2.0–5.5 3.7

Amaranthus pariculatus 3.2 0
Maize 15 3.1

Sources: [79, 80].

Syrup Production
World production and demand for industrial syrup has increased considerably in the

past few decades and is predicted to continue to do so in the future. Like other vegetable
starches, aroid starches could be processed into high fructose–enriched syrup, which
is a liquid sugar (sweetener) made from starch. The nutritional value of high fructose–
enriched syrup is similar to that of sucrose, and it is a very desirable, inexpensive sweet-
ener. Facilities can be built in areas in which starch is available and inexpensive. Local
uses include canning, jams, jellies, and soft drinks. Production of high fructose–enriched
syrup from aroids involves four stages: production of starch from corms, liquefaction of
starch with alpha-amylase, saccharification with glucoamylae, and isomerization with
glucose isomerase.

Gum Production
Aroids contain a gum-like substance that swells in water and becomes hydrated [82,

83]. This gum has potential usefulness as an emulsifying, thickening, and smoothing
agent for creams, suspensions, and other colloidal food preparations. Extraction of the
gum also would alter the properties of aroid products and reduce their stickiness and
viscosity.

Renewable Energy Source
There is considerable global concern about the depletion of nonrenewable energy

sources and the effects of fossil fuel on environmental degradation. In most developing
countries, low energy input often is a major limitation to increasing agricultural produc-
tivity and overall rural development. Many countries could reduce their dependence on
imported oil appreciably by replacing part of their petroleum consumption with alcohol
produced from sugar- or starch-containing crops. Given a favorable domestic economy,
the edible aroids would serve well as a feed material for energy generation. The alcohol
yield of taro is lower than that of cassava and cereal crops but higher than that of sug-
arcane and sweet corn (Table 2.80). The accepted starch-to-alcohol conversion ratio is
about 1.67 kg of starch to 1 L of alcohol, and in the United States alcohol production
costs from taro were considered similar to cassava or sugarcane and estimated to be
$0.15 per liter in 1978 [84–86], compared with ethanol production from corn at $0.11
per liter.
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Table 2.80. Alcohol yield and cropping cycle for selected crops

Crop Alcohol Yield (L·ton−1) Cropping Cycle (mo)

Taro 142 9–15
Sweet potato 142 5
Sugarcane 67 10–22
Sweet sorghum 76.7 4
Cassava 180 12
Corn 385 3.5
Spring wheat 368 4
Grain sorghum 389 3.5

Modified from [78].

Modification of Plastics
Starch can make up to 40% of plastics compounds based on such polymers as

polystyrene, polyethylene, and polyvinyl chloride, and the addition of modest amounts
of starch does not materially affect the original physical properties of the plastics [78].
Taro starch is biodegradable, and if it is used in appropriate formulation in the production
of plastics, it accelerates the biodegradability of the parent polymer [87]. In addition, the
starch does not exclude the possibility of recycling the majority of plastics composition.
With the increasing global demand and utilization of processed food and raw materi-
als in general, biodegradability has become an increasingly important requirement in
agricultural and industrial waste management.

The small size of taro starch granules (approximately one tenth the size of maize starch
granules) makes them superior to other starches for the production of biodegradable
plastics [76]. The importance of particle size of a filler or modifier in plastics is attributed
to its influence on the processing properties and its influence as the subphase in the
resulting solid composite. The mechanism for the biodegradability of aroid starch is as
follows: Starch is progressively removed from the plastic through selective degradation
by bacteria for fungi, and the removal of the starch increases the surface area of the
plastic and accelerates the rate of degradation [88]. The advantages of using taro starch
in plastic production are summarized in Table 2.81.

Modified-Atmosphere Packaging
Modified-atmosphere packaging technology utilizes the permeability characteristics

of films and other packaging materials to influence the exchange of O2 and CO2 mainly to
control the rate of ripening and other physiological activities of fresh food products inside
a package. Measurement of the absolute gas permeability of starch-filled polyethylene
films showed a significant decrease in permeability with increasing starch content [78].
This effect was attributed to the high degree of crystallinity of the starch filler material, a
property shared by mineral fillers. The low fixed-gas permeability of taro starch makes it
a potential candidate for developing appropriate modified-atmosphere packaging tech-
nologies, especially in the tropical root-crop regions, in which production of root crops
is a major part of agricultural production. A taro-based packaging film has been success-
fully developed but was found expensive compared with low-cost synthetics [90]. The



           

236 Root Crops

Table 2.81. Advantages of using taro starch in plastic production compared with other minerals

Taro Starch Minerals

Density comparable with plastics: High density, ranging from 2.6 ton·m−3 for silica
1.49 ton·m−3 to 4.6 ton·m−3 for barytes

Narrow particle size range; low porosity; Broad particle size range, often with a high fines
very small particle size—can therefore be content; very low porosity, except certain
used in surface coatings or very thin films chalks, dolomites and clays

Simple particle geometry approaching Irregular particles, mostly fracture fragments
spherical and regular, minimum disturbance from grinding operations; large surface area
to melt rheology

Very low abrasive properties Often extremely abrasive
Colourless and most transparent, R.1.–1.52, Usually colorless but of high refractive index, e.g.,

can yield translucent or near-transparent calcite—1.66, wollanstonite—1.63, talc—1.59;
products blends with polymers are white and opaque

No significant metallic content; starch itself is Transition metals may be released; possible
an accepted food product interference with antioxidant function;

possible toxicity questions
Thermally stable to 250◦C Thermally stable to very high temperatures
Not water-soluble, but hygroscopic. Also Some minerals retain traces of water tenaciously,

hygroscopic in situ but not normally hygroscopic in situ
Low fixed-gas permeability Very low fixed-gas permeability
Biodegradable formulations possible Permanent in a biologically active environment

Source: [89].

unique property of certain taro starches deserves further investigation to develop more
cost-effective extraction techniques.
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3 Fruit and Vegetables

C. J. Studman, Co-Editor

3.1 Fruit and Vegetable Quality
C. J. Studman

3.1.1 Importance of Fruits and Vegetables, and Quality Considerations

Fruit and vegetables form an essential part of a balanced diet. They are an important
part of world agricultural food production, even though their production volumes are
small compared with grains (Table 3.1). Fruit and vegetables are important sources of
digestible carbohydrates, minerals, and vitamins, particularly vitamins A and C (Table
3.2). In addition they provide roughage (indigestible carbohydrates), which is needed
for normal healthy digestion [1].

Technology has enabled exporters to supply markets around the world with high
quality product, and in some cases to introduce and develop new markets. This has
included introducing new crops and often defining the quality standards for these crops.
The agricultural engineer has an important role to play in enabling producers to define
and meet quality requirements.

Quality
Where fresh food is concerned, most people can decide the difference between a

product that is of good quality and one that is not. Quality is an increasingly important
factor in the production and marketing of biological products. Consumers in many coun-
tries are becoming more discerning as their affluence increases, and would-be suppliers
of products must meet these demands if they are to maintain or increase market share.
However, what do we mean by quality? Its assessment is very subjective and depends on
a person’s viewpoint and preferences. There are three key areas to consider: its meaning,
measurement, and maintenance.

3.1.2 Meaning of Quality

In the ISO 9000 standard (developed by the International Standards Organisation),
quality is defined as “the totality of features and characteristics of a product or service
that bear on its ability to satisfy stated or implied needs” [5, 6]. Kader [7] defines it for
fruit and vegetables as “the combination of attributes or properties that give them value
in terms of human food.”
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Table 3.1. Total world production of
various crops

Fruit Production (106 tonne)

Grapes 60
Oranges 54
Bananas 113a

Apples 40
Mangos 15
Pineapples 10
Pears 10
Plums 6.5
Peaches 8.6
Papaya 3.9
Strawberries 2.4
Apricots 2.2
Avocados 1.5
Rice 530a

Wheat 530a

Coarse grains 885a

Coffee 5.4a

Tea 2.6a

Meat 190a

Sources: [1–3].
a 1994 data [3]. All other data 1990 [1,

2].

Quality may be equated to meeting the standards required by a selective customer.
In this context the customer is the person or organization receiving the product at each
point in the production chain. This is important, because quality is perceived differently
depending on the needs of the particular customer. The customer purchasing the fruit
for consumption usually judges the product on the basis of its appearance, including its
shape, firmness, and color, as well as freedom from defects such as spots, marks, or rots.
The consumer will judge the fruit on its eating quality (ie, taste or texture) as well as its
keeping qualities in the home. The packing shed operator may be much more concerned
about the percentage of good fruit in a batch, and how easy it is to handle and grade.
There are many different factors that can be included in any discussion of quality (Table
3.3). Quality characteristics of various crops are given in the Appendix (Table 3.A1).

If something is not a quality product, this implies that the product does not meet a
certain standard that has been adopted by the consumer. In this case, the market price is
adversely affected [8]. Conversely, if a product is perceived to be a quality product, then
it sells for a better price [9].

Food Safety, Hygiene, and Quarantine Factors
Food safety is a major factor in quality [10]. There are several possible problems.

Naturally Occurring Contaminants
These include cyanogenic glucosides in lima beans and cassava, nitrates and nitri-

tes in leafy vegetables, oxalates in rhubarb and spinach, thioglucosides in cruciferous
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Table 3.3. Quality factors for fresh fruit and vegetables

Hygiene and quarantine factors
Quarantine: passenger parasites (larvae, pupae,
adults)
Consumer safety: natural toxicants, contaminants

(spray residues, heavy metals, etc.), mycotoxins (fungi,
etc.), microbial contamination

Cosmetic appearance
Size: weight, volume, dimensions
Shape: regularity, length, diameter
Surface texture: smoothness, waxiness, gloss
Color: uniformity, intensity, spectral
Physical defects: splits, cuts, dents, (apparent)

bruises
Pathological/entomological: scale, fungi, insects
Physiological: browning, genetic defects

Texture and flavor factors
Texture: firmness (hardness/softness), crispness, juiciness,

mealiness (grittiness), fibrousness (toughness)
Flavor: sweetness, sourness (acidity), astringency,

bitterness, aroma (volatile compounds), off flavors
off odors

Nutritional: dietary fiber, cancer inhibitors/accelerators,
carbohydrates, proteins, lipids, vitamins, minerals

Adapted from [7].

vegetables, and glycoalkaloids (solanine) in potatoes [11]. Traditional processing and
cooking practices usually remove the bulk of these contaminants, but there could be
problems if new consumers are introduced to new crops.

Natural Contaminants
Mycotoxins (fungal toxins), bacterial toxins, and heavy metals occur naturally and

can be present in some crops.

Synthetic Toxicants
Agricultural chemical residues, and introduced environmental pollutants such as lead,

can be a problem unless production systems are controlled and monitored carefully. In
developed countries levels of these usually are very low (e.g., in the United States in the
mid-1990s less than 1% of products showed excessive traces [11]). In many countries
consumers are very concerned about the levels of chemical-spray deposits found in
and on fresh products. For this reason food imports often are subjected to very careful
chemical analysis. Evidence of pesticide residues above acceptable levels, or the presence
of unapproved or banned spray deposits, renders entire shipments of otherwise sound
crops unsaleable. Growers therefore must be especially concerned with ensuring that
no illegal sprays are used on crops, and that withholding periods are strictly enforced.
Normal practice is to maintain a spray diary, which indicates what sprays were used on
the crop at what times prior to harvest.
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Microbial Contamination
Viewed by most health professionals as the most serious health concern, microbial

contamination is viewed by consumers as being less important than chemical toxicants.
Bacteria can be introduced onto fresh fruit and vegetables through the use of untreated
organic fertilizers (e.g., manure), or through insufficiently treated wastewater. Inadequate
hygiene standards in packing sheds and anywhere else in the food chain can also cause
problems. The problem is exacerbated because fruit and vegetables often are eaten fresh.
Washing fresh produce is a help, but the water used should also be clean and free of
contaminants.

Clearly any biological food product must be safe to eat and must not present a risk
to the consumer, or to the importing country. Fruit and vegetables are always at risk
of carrying disease, insects, or larvae that could cause major problems if introduced to
countries in which they are not present. Requirements vary between countries, depending
on whether the country is free of a particular disease. America and most other markets
are concerned about fire blight, leaf roller, Mediterranean fruit fly, and nysius; Japan has
strict requirements concerning codlin moth. New Zealand and Australia are particularly
concerned about fruit fly because an infestation prevents them exporting products to key
international markets. Some insects are passengers rather than parasites of the crop in
question. The nysius insect is a serious threat to wheat crops and may be transported in
fruit cartons, even though it does not affect the fruit itself.

Controls must be in place to ensure that such problems are absent from produce. These
require careful control of packing sheds and cool stores, including the use of lighting that
does not attract insects. Often orchard spraying is a major method of control of parasites,
but this introduces concerns about chemical residues on fruit. Consumers of the 1990s
are far more conscious of these issues than any previous generation, and food safety is
likely to be the most important quality factor in the 21st century [10].

Cosmetic Appearance
There is no doubt that in most developed markets the appearance of fruit and vegetables

has a major influence on perceived quality. Quality is defined in terms of shape, color,
size, uniformity, and absence of apparent defects [11]. Thus, in the case of bruising in
apples, the surface size and appearance of the bruise is more important in the fresh fruit
market than the volume of the bruise. Bruises may be present, but if they cannot be seen,
they do not appear to be of importance to the market. On the other hand, fruit that appears
to be bruised or marked, but is not, loses value.

Shape and appearance are important quality factors: The cross-section of a kiwifruit
is an attractive pattern, and a strong market was developed for this fruit as a decoration
for salads and main dishes in high-quality restaurants.

Taste, Texture, and Nutritional Factors
Table 3.2 lists compositional components of fruit and vegetables. Vegetables are high

in mineral substances including K, Na, Ca, Mg, Fe, Mn, Al, P, Cl, and S. Particularly
important are their contents of K, Fe, and Ca. Spinach, carrots, cabbage, and tomatoes
are particularly rich in minerals. Vegetables with high Ca include green beans, cabbage,
onions, and beans. Fruits rich in minerals include strawberries, cherries, peaches and
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Table 3.4. Specific sensitivity and stability of nutrients

Neutral Acid Alakline Air or Cooking Losses,
(pH= 7) (pH < 7) (pH > 7) Oxygen Light Heat Range (%)

Vitamins
Beta Carotene

(Vit A) S U S U U U 0–40
Ascorbic acid

(Vit C) U S U U U U 0–100
Biotin S S S S S U 0–60
Carotenes (pro A) S U S U U U 0–30
Choline S S S U S S 0–5
Cobalamin (B12) S S S U U S 0–10
Vitamin D S U U U U 0–40
Essential fatty acids S S U U U S 1–10
Folic acid U U S U U U 0–100
Inositol S S S S S U 0–95
Vitamin K S U U S U S 0–5
Niacin (PP) S S S S S S 0–75
Panthothenic acid S U U S S U 0–50

Para Amino
Benzoic acid S S S U S S 0–5
Vitamin B6 S S S S U U 0–40
Riboflavin (B2) S S U S U U 0–75
Thiamin (B1) U S U U S U 0–80

Tocopherols S S S U U U 0–55

Source: [12].
Note: U = unstable; S = stable.

raspberries. Citrus is high in vitamin C (ascorbic acid), as are papaya, mango, kiwifruit,
tomatoes, cabbage and green peppers. Apples are high in Fe, while vitamin A is provided
through beta-carotene found in orange and yellow vegetables and green leafy vegetables.
Vitamin B also is found in fruits and vegetables in significant quantities.

Many nutrients are destroyed by heat (Table 3.4). Fresh fruit and vegetables are
therefore particularly beneficial to a healthy diet. Modern food-processing operations
are more effective in preventing excessive nutrient losses, reducing them to around 25%
or less [12].

Although taste and nutritional value may appear to be what quality is all about, the
realities of the marketplace suggest that these factors are frequently less crucial than
one might expect. The final consumer may be the only person who cares very much
about taste. In theory, if the end consumer is not satisfied this results in an unsatisfactory
commercial result for the product. However, because purchasing precedes consumption,
and marketing seeks to modify previously held opinions, at worst there is a substantial
time delay before the taste of a product destroys its commercial viability.

Taste and texture preferences can affect the marketability of some crops. For example
the apple cultivar “Fuji” was originally developed as a sweet-tasting apple, with a center
that had a glassy appearance (water core). This region was particularly sweet and was
therefore regarded as a mark of quality in Japan. However, the glassy appearance was not
appreciated by American consumers, who viewed it as a defect in the texture of the fruit.
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Some important conclusions can be reached from these comments. Quality standards
are affected by international and cultural preferences [13]. Standards can be affected by
cultural changes or by strong marketing in the media. They may also change over time
to reflect increased consumer awareness of quality factors.

3.1.3 Measurement

For each factor, some objective means of measurement is required [14], and the
agricultural engineer has an important role to play in the development of suitable testing
methods. Measures of actual quality and predicted quality at some time in the future are
needed.

The only true test of quality is the response of the consumer. Eating quality can be
assessed most accurately by using taste panels. These consist of a selection of customers
from the market who are trained to assess the quality attributes being examined. This
is a very expensive and time-consuming task. Furthermore, it can only be attempted
when the product has reached the eating stage of its lifetime, by which time it is too late
to do much about the quality. Hence, taste panels cannot be used easily as part of the
production process. Instead it is necessary to resort to readily usable test methods, which
may involve simple or complex equipment. The reliability and value of these methods
depends on how well they correlate with the views of consumers, rather than the level
of scientific objectivity of the test.

Producers require measurements that are rapid and repeatable and give a good in-
dication of the quality of the product, in terms of the expectations of the customer.
Measurements very often are given as indices, which can be used as guides to desirable
quality attributes such as taste, texture, storage life, and maturity. Any appropriate index
that is found to be a suitable guide to a quality attribute can be used, and so the range of
indices used is quite remarkable. In some cases visual observation is adequate; in others
physical or chemical tests have been developed, often with limited scientific basis. These
now serve as industry standards. Tables 3.5 and 3.6 list quality indices used for a wide
range of crops for both harvest maturity and for postharvest assessment [11, 12, 14].

In some cases standards suited to one crop (or variety or product grown in one coun-
try) have been adopted as quality criteria for other similar crops, even though growing
conditions and crop behavior may be quite different. Unfortunately for the producer it is
necessary to meet these standards even though they may at times appear to be illogical
or unreasonable, at least until the market can be persuaded to review and modify the
indices.

Measurement may be required at several different points in the postharvest chain.
Particularly important points are when decisions must be made about the timing of
operations. Therefore tests for harvest maturity are especially important. Many of these
are crop-specific, based on particular physiological changes as the fruit or vegetable
matures, and are no longer useful after harvest. Other tests are useful both before and
after harvest. Grading criteria during sorting and packing, and quality checking in storage,
can be very important. Tests also may be desirable at out-turn (unloading on arrival at
the destination market), at retail, and in the home prior to consumption. In selecting a
method the purpose for which the test is needed should be considered.
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Table 3.5. Maturity indices and methods of determination for selected fruits and vegetables

Non-
Methods of Subjec- Objec- Destruc- destruc-

Index Determination tive tive tive tive Examples

Elapsed days Computation x x Apples, pears
from full bloom

Mean heat units Computation from x x Peas, sweet corn
weather data

Dev. of absci- Visual or force x x x Muskmelon
ssion layer of separation

Surface structure Visual x x Cuticle formation
on grapes and
tomatoes, netting
of muskmelons,
gloss or wax
development

Size Various measuring x x All fruits and many
devices, weight vegetables

Specific gravity Density gradient x x Cherries, water
solutions, melons,
flotation potatoes
techniques

Shape Dimensions x x x Angularity of
ratio charts banana fingers,

full cheeks of
mango,
compactness of
broccoli and
cauliflower

Solidity Feel, bulk density, x x x Lettuce, cabbage,
γ -rays, X-rays brussell sprouts

Textural
properties
Firmness Firmness testers, x x Apples, pears,

deformation stone fruits
Tenderness Tenderometer x x Peas
Toughness Texturometer, x x Asparagus

fibrometer (also
chemical methods
for polysaccharides)

Color Light reflectance, x x x All fruits and many
External visual color charts vegetables

x All fruits and many
vegetables

Internal Light transmittance, x x Flesh color of some
delayed light fruits, e.g.,
emission, mangoes
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Table 3.5. (Continued)

Non-
Methods of Subjec- Objec- Destruc- destruc-

Index Determination tive tive tive tive Examples

Internal structure Light transmittance, x x x Jelly-like formation
delayed light, in tomatoes
emission, visual x Kiwifruit; apple pip
examination color; jelly-like

formation in
tomatoes; flesh
color of some fruits,
e.g., mangoes

Compositional
factors
Total solids Dry weight x x Avocados, kiwifruit
Starch content KI test, other x x Apples, pears

chemical tests
Sugar content Hand refractometer, x x Apples, pears, stone

chemical tests fruits, grapes,
kiwifruit

Acid content Titration, x x Citrus, pomegranates,
(or sugar/acid chemical tests papaya, melons
ratio)

Juice content Extraction, x x Citrus
chemical tests

Oil content Extraction, x x Avocados
chemical tests

Tannin content Ferric chloride test, x x Persimmons, dates
chemical tests

Internal ethylene Gas chromatography x x Apples, pears

Source: Modified from [11].

Measurement methods can be destructive or nondestructive. Destructive tests include
tests that are themselves nondestructive but require samples to be cut from products.
Tests can be further roughly grouped (according to the method used), into mechanical,
visual (by human eye or by instrument), electrical, chemical, or biological. In some cases
several methods may be combined to give an overall quality index.

Mechanical Destructive Indices
Firmness measurements in fruits and vegetables have been used for over 60 years as

guides to the quality of the product [15–17]. Firmness meters attempt to record a value
that represents how easily the product can be deformed under a pressure applied to a
limited area of its surface (or more simply what happens when you squeeze it). They
range from laboratory systems costing thousands of dollars to much cheaper handheld
devices, which can be used in the field [16–18]. The devices have been applied to a
wide range of fruits and are often the main test specified to establish the acceptability
of the product for a particular market or storage condition. Harkeret al. recently have
completed an extensive review of texture measurement [18].



Table 3.6. Methods for evaluating quality

Measurement Equipment Notes

Appearance
Size Dimensions Sizing rings, calipers Mass or no

per-unit mass
Weight Scales Mass or no

per-unit mass
Volume Water displacement

Shape Ratios of dimensions Diagrams, pictures
Color Uniformity, intensity

Visual matching Color charts, guides
Reflectivity Spectrophotometer,

color-difference meters
Transmission Light-transmission Internal defects

meter
Delayed light emission Meter Related to

chlorophyll
Pigment determination Chemical Chlorophylls,

caretonoids,
flavonoids

Gloss (bloom, finish) Wax platelets: amount, Gloss meter, visual
structure, arrangement

External defects Incidence, severity Charts, scales
Internal defects Incidence, severity Charts, scales, NMR,

MRI, X-rays
Texture

Tissue strength Firmness, softness Penetrometer (Effegi, See text
Magness Taylor),
Massey twist tester,
texture analyzer

Fibrousness, Shear force, cutting Texture analyzer,
toughness resistance, fiber/ Massey twist tester,

lignin content fibrometer, chemical
Juiciness, Water content (turgidity), Weight, crushing system

succulence extractable juice (succulence)
Sensory attributes Grittiness, chewiness, Taste panel

mealiness, etc.
Flavor

Sweetness Sugar, soluble solids Chemical, indicator
papers, refractometer

Sourness Juice pH, titratable acidity pH meter, chemical
Astringency, Taste panel, chemical

bitterness
Aroma Volatile components Taste panel, chemical, GC

Nutritional value Carohydrates, dietary Chemical
fiber, proteins, amino
acids, lipids, fatty
acids, vitamins,
minerals

Food safety Natural and synthetic toxicants Thin-layer, gas, and HACCP
and contaminants high-pressure liquid techniques

chromatography
Microbial contaminants Biological incubation

methods, plate counts

Source: Modified from [11].
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Figure 3.1. Effigi penetrometer.

Penetrometer
The most common device used to assess firmness is the penetrometer. This has a

cylindrical probe, the end of which is pushed into the object to be measured. The force
required to give a predetermined penetration is recorded. In most fruit a section of the
skin is removed first to expose the flesh. The penetrometer then gives an index of the
firmness of the product tissue. Several versions have been developed. The Magness
Taylor penetrometer is forced into the tissue, compressing a spring. When the probe has
penetrated to a specified depth, the reading is taken from the spring compression. An
alternative, more compact version is the Effigi penetrometer, which has a coiled spring
so that the force can be read off a dial (Fig.3.1). The results from both these devices
are quickly obtained, but values are very dependent upon the operator, to the extent that
variations in readings of 200% have been recorded between different operators [19]. The
Effigi can be mounted easily into a drill press to reduce operator dependency. Dedicated
automated testers [13], or universal testing machines, remove the operator bias altogether.
These devices suffer from increased cost and loss of portability. The penetrometer still
is used widely as an internationally recognized index of handling quality, storage life,
and maturity in many fruit crops.

The simplicity, speed of testing, and robustness of the equipment make the penetrom-
eter attractive to the fruit and vegetable industry. Moreover the test simulates the “feel”
or firmness of the product. Cylinder heads are usually either 11 or 8 mm in diameter.
However, it is not possible to interchange the heads, as the results from the two sizes
are not consistent. In apples and pears the larger size is normally used, while the 8-mm
probe is used on smaller fruit.

Theoretical analyses have been attempted. Bourne [20] gave the following formula:

F = Kc A+ KsP + C (3.1)
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whereF is the puncture force,Kc is the compression strength,Ks is the shear strength,
A is the area of the punch,P is the perimeter of the punch, andC is a constant. More
detailed theoretical and experimental studies have been conducted, which have shown
that the main component ofF is due to compression [21].

Other problems of the penetrometer include its limited range, especially for fruit
that softens dramatically. There is a wide scatter in the readings among similar fruit,
and usually at least 20 samples are required for one value. In softer fruit removal of
the skin before testing can introduce significant errors, depending on the thickness of
the slice. The indenter measurement is not easily modeled in theoretical terms and
does not correlate well with other mechanical measurements. Values are affected by
surface properties, whereas in some fruit the texture at depth would provide a more
reliable quality indicator. Dupratet al. [16] have advocated using the firmness mea-
sured at 5 to 9 mm depth as a standard rather than at the surface. This requires a tex-
ture analyzer rather than an ordinary penetrometer to measure the force as a function
of depth.

Pea Tenderometer
This device is widely recognized as the standard measure for pea tenderness. A sample

of peas is loaded into the testing chamber, and a set of blades cuts through the sample,
using a rising pendulum weight to measure the force required [22, 23].

Texture Analyzers
Research laboratories commonly use universal testing machines to determine phys-

ical properties of crops. Very low loads are needed, and most machines in engineering
laboratories are insufficiently sensitive. It is important to avoid external vibrations of and
high stresses on the sample during mounting. For these reasons sensitive universal testing
machines have been developed that are dedicated to the measurement of food texture.
Modern systems use a computer for control and recording of data, and sophisticated
loading cycles can be developed [16].

Indenting heads include a penetrometer cylinder, a spherical indenter, and a flat plate
to give compression tests between parallel plattens. One system measures the bursting
strength of the skin of tomatoes and the whole-fruit compression resistance in the same
test [16]. Measurements can be taken on whole fruits and vegetables or cut samples.
Theoretical values can be obtained from stress–strain data, according to the loading
geometry. Formulae are given in Table 3.A2 in the Appendix. Tensile tests also can
be performed, especially for fibrous products. Shear tests and viscosity measurements
also can be used [24, 25]. Common loading cycles include applying a fixed compression
distance or a percentage of the fruit diameter. Alternatively the deformation after applying
a fixed load for a given time can be determined. For cherries a double-loading test can
be used. In this the fruit is loaded, and the load-against-deformation curve is plotted
[16]. After a fixed time at maximum load, the load is removed, and after a set time it is
reapplied to produce a second force–deformation curve. Differences in areas under the
curves indicate tissue recovery. Texture analyzers also can be used for nondestructive
measurements, as discussed subsequently.
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Figure 3.2. Twist tester.

Twist Tester
An alternative destructive tester has been developed in which the fruit is pushed onto

a blade mounted on a spindle, so that the blade enters the fruit at a predetermined depth
under the skin [26]. The fruit is rotated, so that the blade turns at a fixed depth (Fig.3.2).
A rising weight on the end of an arm is used to apply an increasing moment (torque) to
the blade, to resist the rotation. Eventually failure of the tissue occurs, and the moment
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Figure 3.3. Warner Bratzler tester.
(Source: [29])

can be calculated from the angle of the arm. In some versions fruit is rotated by hand,
but in other versions the fruit is rotated on a set of pins driven by a motor. Output
is determined either by reading the maximum angle to which the pendulum weight is
lifted or by recording the angle as a function of time electronically. It has been used
successfully to measure the texture of apples, kiwifruit, mangoes, plums, and other fruit
[27, 28].

Warner Bratzler
Although primarily designed for meat texture, this test has been used to assess the

texture of some stem vegetables (Fig. 3.3). The sample is placed through a hole in a
plate, and the plate slides between two other metal plates, shearing through the specimen
at the edge of the hole [29].

Gape Test
In some fruits the skin acts as a confining pressure vessel for the internal tissue, which

is subject to cell turgor pressure. If the skin is cut from stem end to calyx, the opening
of the split after a short period of time can be taken as an index of turgor pressure. The
depth of cut must be carefully controlled, and a sharp knife is needed.

Bruise and Damage Susceptibility Testers
Handling quality can be assessed using methods for determining bruise susceptibility

of fruit and vegetables. Techniques are discussed in Section 3.3.

Abscission
The point at which fruits and vegetables can be easily detached from their plants is

essentially a nondestructive assessment of maturity, but because the measure cannot be
undone, it is destructive. The test is simple, and in many crops (e.g., feijoa) mature fruit
self-select by detaching from the tree. However, in other crops abscission occurs too late,
and their eating or storage quality is poor.
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Visual Destructive Tests

Physiological Changes
Some indices require the visual assessment of cut sections of fruit and vegetables.

Some fruits (e.g., bananas) change their cross-sectional shape noticeably as they approach
maturity, and the cross-sectional area therefore can be used as an index [23]. Other fruits
split open as they mature, to give a simple criteria for maturity. Pip, seed, or stone
development inside the fruit also is often a good indicator of maturity. In kiwifruit the
number of seeds and the uniformity of their distribution around the center are indications
of quality. These are affected by pollination at the start of the life of the fruit.

Color
Flesh color is an important determinant of quality and maturity in many crops includ-

ing melons, mangoes, and squash. Chemical analysis does not enable color estimation:
Vegetable and fruit yellowing is often a result of the disappearance of chlorophyls,
which allows the yellow–orange xanthophylls and carotenes to become more visible
[24]. Blueberry color is determined by anthocyanins, which are red when extracted.

Color can be defined by three parameters. Humans see color differently from elec-
tronic equipment, and use different scales. People can distinguish the level of lightness
or color intensity of an object, its hue (i.e., its color name such asred, blue, or green),
and its chroma (degree of color purity, saturation, brightness, or greyness). Color meters
give an absolute determination of color using a standard three-component specification,
known as the Hunter Lab scale. This uses lightness (L), red–green character in the ab-
sence of yellow or blue (a), and yellow–blue character in the absence of red or green (b)
[24]. Thus an increase in yellowness on the Lab scale will result in a greater value of+b,
while for human perception a more yellow color will result as the hue angle (tan−1 b/a)
approaches 90 degrees. Thus, using justb values to denote yellowness could cause con-
fusion [24]. It is possible to convert from theL ,a, andb measures to the human terms
of lightness, hue, andchromathrough calculation. An alternative scale, known as the
CIE L∗a∗b∗ scale is being used more often by researchers. Values are calculated from
the following formulae:

L = 100Y1/2

a = A(X − Y)/Y1/2

b = B(Y − Z)/Y1/2 (3.2)

L∗ = 116Y1/3

a∗ = 500(X1/3− Y1/3)

b∗ = 200(Y1/3− Z1/3)

for X,Y, andZ > 0.01 (3.3)

whereX,Y,andZ are the tristimulus values divided by the values for a perfectly diffusing
surface illuminated with the lighting used, andA andB are chromacity coefficients for
the illuminant used (Fig. 3.4).
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Figure 3.4. Three-color component diagram. (Source: Hunter Associates)

In commercial practice color charts normally are used. Carefully reproduced color
photographs of fruit in the desired state are common, although color paint chips also can
be used if the tissue is uniform in texture and color.

Refractometer
Although really a measurement of chemical composition, the levels of soluble solids

in fruit and vegetable juices can be determined by measuring the refractive index of the
juices. Laboratory and field devices require a small sample of juice placed on a glass
cover. The refraction of the light produces an indication on a scale that gives a measure of
the soluble solids directly. This is a useful indicator of maturity at harvest time, especially
in kiwifruit. Refractometers are low in cost but may require calibration. Measurements
may be affected by temperature and delays in carrying out the test after exposing fresh
juice.

Electrical Destructive Measurements
Attempts to measure fresh-fruit and vegetable electrical conductivity have been re-

ported in laboratory studies, but these have not been used widely as a measure of quality.
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Capacitative and inductive measurements also can be made, using high-frequency elec-
trical signals. Nelsonet al.[30] studied the dielectric properties of a wide range of fruits
and vegetables at 200 MHz and 20 GHz. They concluded that differences were present
that were related to maturity of the crop, but that the work was not sufficiently developed
to enable maturity indices to be defined.

Electrical measurements have been used to determine moisture content of crops being
dried, such as coconut copra. Conductivity is measured by pressing two stainless steel
or platinum probes into the product and applying a fixed or alternating voltage. A range
of moisture meters is used for grain-moisture assessment, as discussed in other sections
of this handbook.

Chemical Tests

General Chemical Assessment
The relative proportions of chemicals in the juices of fruits and vegetables is often a

good indicator of quality. Particularly during maturation, there are significant changes
in chemical composition, and these can be measured by appropriate analytical means.
In avocados oil content is a key maturity indicator (the level depending on the variety).
Minimum juice contents for citrus fruits at harvest are listed in Table 3.7.

Thompson [23] points out that because of the buffering capacity of fruit juices, acidity
should be measured by titration and not merely by assessing the pH of the fruit.

Starch Test
A common maturity test is the starch level in a fruit (particularly apples and pears),

found by cutting the fruit in half along the equator and placing the cut surface in an iodine
solution (4% potassium iodide and 1% iodine). The iodine stains the section in regions
of high starch but does not affect sugars. The resulting stain pattern can be compared
against photographs of standard patterns, and a starch index determined. The pattern
depends on the cultivar (Figure 3.5).

Chemical Residues
Normal analytical chemical tests can be used to test for spray residues. Gas chro-

matographs also are used extensively. These detect the characteristic distribution of
molecular weights associated with targeted organic substances [23, 24].

Table 3.7. Minimum percentage
juice contents for citrus fruits

at harvest

Juice Content

Navel oranges 30
Other oranges 35
Grapefruit 35
Lemons 25
Mandarins 33
Clementines 40

Source: [23].
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Figure 3.5. Starch test scale for red delicious apples. (Source: [31])

Moisture-Content Measurement
In addition to electrical measurement, moisture content can be determined accurately

by oven drying, to establish the dry weight after removal of moisture.

Biological Destructive Testers
The presence of pathogens and bacteria can be determined by a range of cell-culture

techniques. Samples of skin or tissue are placed in a suitable growth media and incubated
for several days. Pathogens reproduce to levels at which they can easily be detected and
counted.

Combinations of Test Methods
For many crops one measurement of maturity or quality is inadequate. Attempts have

been made to combine several measurements into a maturity index. For apples, the Streif
index is defined as

SI = F/(RS) (3.4)
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whereF is the penetrometer firmness force in Newtons divided by 9.8 measured with
an 11 mm probe pushed to a depth of 8 mm in 2 seconds,R is the Brix refractive index
(% Brix), andS is the starch-conversion stage, measured on a scale from 1 to 10 [32,
33]. Typical values for apples at harvest are in the range from (on average) 0.07 for the
Jonagold cultivar to 0.3 for Elstar [33]. Use of this index enabled the optimum harvest date
(OHD) to be predicted in one cultivar of apple (Jonagold) using the following formula:

Days to OHD= −47.7− 19.6 · Ln(SI) (3.5)

The formula was not reliable for individual orchards to an accuracy of better than a few
days but did predict the optimum harvest date for a district well [34].

3.1.4 Nondestructive Testing Methods and Their Advantages

Nondestructive methods offer significant advantages over destructive methods. Ob-
viously there is a saving in the number of fruits or vegetables wasted, but there are other
advantages: First, the same fruit can be retested several times throughout its lifetime,
giving a reduction in variability as a result of random sampling of fruit in growth and
storage trials (each fruit becomes its own control). This means that test procedures should
become more reliable and rigorous, because measurements can be correlated better with
fruit performance by tracking the development and storage behavior of individual fruit.
This improves predictions of storage life. Other advantages are that samples taken from
packed fruit do not need to be replaced. This has major advantages for quality-control
inspection procedures: There is no mess or problem of disposal of sampled fruit—they
can be repacked or returned to the packing line. On-line assessment of every fruit is a
possibility. In scientific experiments, because the same fruit can be used again and again
without interrupting its normal life cycle, the number of samples required can be reduced.

Tests that could be conducted in situ in the orchard have additional advantages. It
would be possible to test fruit during growth, without removal from the tree, and to
evaluate the relationship between orchard management and postharvest properties in a
rigorous fashion.

The following tests are in principle nondestructive, although in some cases a test
may result in damage. For example, mechanical test pressures may exceed tissue failure
strength in some samples, especially as the fruit softens. Care should be taken to ensure
that the test is not producing any effect that would be harmful in the long term. Pitts
et al. [35] tested several nondestructive devices on apples but found problems with all
of them. Abbott et al. [36] recently produced a detailed review.

Mechanical NDT Tests

Mass and Bulk Density
Mass is one of the most obvious quality indices and is easy to measure. Density

can be measured using Archimedes’ principle. The fruit is weighed in air and then
suspended in water. The apparent loss in mass is equal to the volume of the fruit multiplied
by the density of water. Computer-linked scales can perform the simple calculations
automatically and shorten measurement times to a few seconds. Flotation systems can
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sort fruit and vegetables whose specific gravity is close to 1.0 (e.g., mangoes). Addition of
salt or sugar solutions to the water tank can alter the density and hence the cut-off point
between floating and sinking fruits. Bubbling air through water reduces the effective
density, and this also can be used for sorting.

Quasistatic Low-pressure Indenters
A large number of different techniques involve applying low-pressure compression

to intact fruits and vegetables. Some are quasistatic, and in general these can be set
up using a modern texture analyser. For example, Jeffery and Banks [37] described a
kiwifruit indenter in which a modified micrometer dial gauge applied a fixed weight to
a specimen placed underneath. The weight caused the sample to deform, and from the
shape of the deformation curve a softness index was established by appropriate curve-
fitting techniques. This procedure was relatively slow and required a computer logging
system. A similar approach has been taken in a commercial meter for testing avocados.
In this case the load was applied using a weight hung at the end of a pivoted beam, with
a dial gauge at the other end. Similar see-saw–type loading devices have been used by
several researchers [36].

For leafy vegetables such as lettuce and cabbage it is possible to assess the harvest
maturity by lightly pressing the vegetable by hand. French workers have used a texture
analyzer for this purpose [16].

Dynamic Low-pressure Indenters
Others indenters involve impact devices using small accelerometers to measure impact

parameters. In the Soft-sense system (Hortresearch, Hamilton, NZ), kiwifruit are dropped
from a small height onto a force transducer [38]. The Kiwifirm (Industrial Research
Ltd., Auckland) applies a small impact load to the sample without producing apparent
damage [38]. Several other research groups have developed testing devices, and all claim
advantages for their systems [14, 16, 39–43]. Typical analyses involve measurement of
the dwell time (the period that the impact force remains above 50% or 80% of the peak
value), or the area under the force–time curve (see Section 3.3).

Nondestructive Use of Texture Analyzers
Some researchers have used modern texture analyzers capable of following com-

plex loading patterns. Provided the equipment is sufficiently sensitive and is capable of
measuring force and displacement continuously, a wide range of nondestructive mea-
surements can be taken. Measurements made include compressibility, energy absorption
during a loading cycle, and whole-fruit modulus of elasticity determined by compression
between flat platters. This latter test is suited to cherries and other soft fruits [16].

Acoustic Methods
Clark and Mikelson [44] described the acoustic-response method, for an estimate

of the overall or global texture of fruits that are approximately spherical. The acoustic
impulse response method makes use of the sound signal emitted by the fruit as it vibrates
in response to a gentle short-duration shock, produced by tapping with a small rod
or pendulum. The signal is captured by a microphone, and the principle frequency of
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vibration is then calculated by means of a fast Fourier transform. The technique has been
applied successfully to the determination of melon ripeness. In other products, problems
of interpreting the data remain.

In principle, the resonant frequency of an object depends directly on its geometry, its
mass, and the modulus of elasticity of the material of which it is made. In the case of
fruit, the modulus of elasticity reduces as the fruit matures (from 5 MPa for an unripe
green apple to 0.5 MPa for an overripe fruit), and this reduction may indicate changes
in the turgor pressure and physical properties of the plant tissue [45, 46].

Cooke and Rand [47, 48] proposed a mathematical model for the interpretation of the
vibrational behavior of intact fruit. They showed that the elastic modulus (or Young’s
modulus) can be estimated satisfactorily as follows:

E = C · f 2 ·m2/3 · ρ1/3 (3.6)

whereE is the coefficient of elasticity (Pa),C is a constant,f is the frequency with
greatest amplitude (Hz),m is the mass (kg), andρ is the density (kg/m3). The implications
of this are thatE can be determined provided two other parameters (density and mass)
are known. For a particular cultivar density variation is often quite small. Mass can be
measured in the laboratory, and in the field it can be estimated from fruit diameter.

Other laboratory techniques also have been suggested for measuring the vibrational
characteristics of fruits and vegetables. The resonance method suggested by Abbottet al.
[49, 50] involves placing the whole fruit on a platform that can be vibrated over a range
of frequencies from 20 to 4000 Hz, and measuring the response using an accelerometer.
The random-vibration method [51] makes use of excitation over a wide range of frequen-
cies. Resonant properties are deduced from the transmitted vibration across the fruit for
certain preselected frequencies. Problems remain, including the need to allow for fruit
shape variability. Sonic tomography and vibration transmission also have been studied
[24, 52].

Visual Nondestructive Measurements

Size and Shape
As fruits grow their shapes and sizes change. Assessment of size is one of the simplest

methods for assessing maturity prior to and at harvest for many vegetables. In some cases
the size determines the product: Capsicums may be marketed as zucchini while small,
and as marrows when large. Baby corns, sweet corn, and maize may be the same cultivar
(Zea mays saccharata) harvested at different stages. Mango maturity can be assessed in
some cultivars by examining the position and angle the shoulder makes with the stalk
and its point of attachment to the fruit [23].

Color
Surface color is used widely for maturity and quality assessment and is probably the

most common characteristic used in the selection and harvesting of many fruit. Generally
assessments are still performed manually, particularly in the field, although inside pack-
ing sheds color sorters are now available commercially for many crops. Although manual
measurement may be subject to operator fatigue, human error, and variability, automatic
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systems are still often considerably inferior, because humans provide a more subjective
assessments than machines. Color assessment often can be complex: For example, in
apples that develop a partial red color, harvest maturity is based on the background color,
which remains in the green-to-yellow range of colors, even though the red color appears
to dominate. Human graders have been shown to fail to grade fruit correctly due to the
influence of the blush color [53].

Machine vision systems are likely to continue to advance rapidly in speed and ac-
curacy and should become increasingly reliable for discrimination of fruit maturity.
However, in some countries the social implications and the cost of automation may be
unacceptable. Although automatic systems using image analysis are being introduced
worldwide, currently the majority of fruits and vegetables still are assessed by humans,
because cost considerations and the availability of labor still favour human operators.
The efficiency and effectiveness of manual inspection remain crucial. Ergonomic factors
affect the performance of people [24], and so studies are in progress into what factors
affect the ability of people to detect substandard products. Studies of background color
and lighting levels are aimed at optimizing the physical environment [54, 55]. Other is-
sues, such as ensuring that production processes do not harm the environment or offend
human ethical values, also must be considered [13].

Lighting levels are particularly important in grading operations. High levels of il-
lumination are recommended for most grading using natural or artificial lighting. Lux
levels should be high (in excess of 1000) [56], but it is also important to avoid glare and
strong reflections from background tables and rollers. Black backgrounds maximize the
relative light levels on the fruit being inspected, but if the light is directly overhead, and
the operator is looking at the fruit from the side, then the lower part of the fruit may be
too dark. For this reason non-white neutral colors (grays) are probably the most useful
inspection backgrounds.

In storage, visual appearance is often a good indicator of changes in product quality.
Random sampling and inspection for rots, shrivel, and decay are used widely to monitor
long-term product quality.

Near-infrared Reflectance and Other Electromagnetic Radiation
Researchers have studied the use electromagnetic radiation from ultraviolet to infrared

[57]. As well as measuring moisture content, near-infrared reflectance measurements
have been correlated with quality factors such as sugar content, firmness, carbohydrates,
and acidity in various fruits including apples and mangoes [42, 58, 59]. Near-infrared
reflectance also has been used to detect bruising in apples [60, 61].

Gamma- and x-rays also have been used to detect internal disorders in fruit and
vegetables [23]. Radiographic systems have detected water core in apples, hollow heart
in potatoes, split pits in peaches, and the maturity of lettuce heads at harvest [62, 63].

Delayed Light Emission and Transmittance
Some fruit will re-emit radiation for a short time after exposure to a bright light. The

amount of delayed radiation is a measure of the chlorophyll present, and this is inversely
dependent on the maturity. The method has been used with satsumas, tomatoes, and
papaya. Other studies have used the transmittance and reflectance of light for papaya
and citrus [23]. The reradiated energy is affected by wavelength and intensity of the
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exciting radiation, sample thickness, area of excitation, and ambient temperature, and
there is considerable variation among similar samples [64].

Other Visual Methods of Assessment
A wide number of visual indicators can be used to determine maturity and quality. The

state of foliage is particularly useful for many vegetable crops (e.g., optimum storage of
potatoes may be obtained if they are dug up after the leaves and stems have died down).

Nondestructive Testing—Electrical and Nuclear Magnetic Resonance
Very little success has been achieved in using electrical properties of fruit and veg-

etables for nondestructive assessment of quality. However, there is some evidence that
electrical conductivity is affected by mechanical or physiological damage [23, 65].

Nuclear magnetic resonance has shown some potential as a method for detecting
internal defects in apples, peaches, pears, onions, prunes, and olives. It also can be used
to determine sugar content in bananas [66], potatoes, grapes, and carrots [52], and oil
content in avocados [67]. Magnetic resonance imaging can provide a three-dimensional
image and has been used to detect defects in apples and other fruits [68]. Nuclear magnetic
resonance and magnetic resonance imaging are expensive techniques.

Nondestructive Testing—Chemical

Respiration Rate
As discussed in Section 3.2, some fruits and vegetables change their rate of respiration

as they mature and ripen. These changes can be used to identify when fruit and vegetables
are near the end of their storage life and should be sold.

Head Gases and Aroma
Ripeness of fruit can be indicated by changes in the production of ethylene, or other

volatiles. Although these changes may be too small for humans to detect, fruit flies and
other insects may be attracted by volatiles. Monitoring sensors therefore also could be
used.

Nondestructive Testing—Biological
Harvest dates can be estimated from the elapsed time after flowering for some fruits

and vegetables. In practice it is difficult to be precise. Degree-day calculations (cumu-
lative product of time and temperature) are a guide to maturity for some greenhouse
crops.

Biosensors
Biosensors that mimic taste and smell offer useful potential for quality assessment

[24]. These include ion-selective glass electrodes. These have enzyme or antibody film
coverings that affect the number of hydrogen ions sensed. Metal-oxide gas detectors can
react to specific gases. These detectors are still in the experimental stage.

Problems with Nondestructive Test Methods
There are a number of problems that need to be overcome before the benefits of

nondestructive testing can be exploited. Nondestructive methods are relatively new, and
in most cases the results of the measurement have yet to be interpreted in terms that
are relevant to the industry. These methods are generally indirect, in the sense that they
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measure properties that may be a consequence of quality, but correlations between these
properties and practical terms are not known.

Industry and researchers are familiar with current assessment measures, and although
they recognize the inadequacy of most of the tests, they are reluctant to adopt new
measurements until they are proven to be of value and well related to more familiar
measures. This implies that before a new system is implemented, there is a need for
full-scale trials including taste-panel assessments, conducted over a number of seasons.

The problem is always to correlate the reading from the device with an appropriate
quality parameter such as bruising resistance or texture determined by taste panels. In
general the correlations for most devices have been quite poor [35]. However, better
results have been obtained when more than one parameter has been measured, and cor-
relations determined using a statistical treatment (such as principle component analysis)
or an expert system approach [69]. Nondestructive testing methods therefore offer some
exciting possibilities for improving quality assessment but may be slow to gain industrial
acceptance. New methods, however, are being developed continually.

3.1.5 Maintenance of Quality

In the fresh fruit and vegetable market, meeting a standard requires that appropriate
quality-assurance methods be in place to govern the production and postharvest handling
of the product. In order to maintain these standards it is essential that an appropriate
quality-assurance program is established. In this regard the ISO 9000 series of standards
is a major aid in helping producers to establish their own procedures [5, 6]. However,
these standards are not designed for food crops in particular. Rather they are guidelines
to setting and operating standards, rather than quality standards themselves. For every
crop it is helpful if clear standards are defined, as this gives producers clear indications
of what is needed. Such standards tend to be large documents. They can be developed
by producers or by marketing and retail organizations.

International and Domestic Markets
Standards for export crops can be particularly demanding, especially where crops may

compete with locally grown products. However, more frequently the standards accurately
reflect consumer expectations in the market. On local and domestic markets standards
are sometimes nonexistent, although this depends on the size of the country and the level
of infrastructure. In either case there is an economic advantage in producing crops of a
recognizable standard: commercial buyers prefer products from growers with good repu-
tations for quality who therefore obtain a greater return [8, 9, 14, 24]. There are marketing
advantages in using a brand name that carries a quality assurance for the customer.

Standards may be established that relate to all aspects of production and supply of a
fruit or vegetable. For all of the criteria listed in Table 3.3 standards may be set that range
from total absence of certain defects to a maximum tolerance level. Any standard should
be clear and easy to understand for graders. Illustrations and color photographs are often
more useful than written explanations. An example of a domestic market standard is
shown in Table 3.8. Criteria used in U.S. standards for fruits and vegetables are given in
the Appendix, Table 3. A1.
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Table 3.8. Product specifications for oranges

Characteristic

Cleanliness Free from dirt, dust, or other foreign substances (except wax)
Shape Typical of variety (slight variation allowed)
Washing All graded oranges to be washed and waxed
Sizing Less than 15% variation in diameter in any one container
Acceptible packaging F40 packs (18 kg), cartons (16–20 kg), bins (300 kg), plastic bags (various)

types

Grade 1 Grade 2 Grade 3

Color (navel oranges) Full color Full color < 10% surface greening
on < 25% of batch

Color (valencia oranges) Full color < 10% surface greening < 20% surface greening
on < 25% of batch on < 50% of batch

Sizing 65–90 mm diameter 55–90 mm diameter 55–90 mm diameter
Skin thickness < 8 mm Variable thickness OK Variable thickness OK
Stems—Length < 3.0 mm < 3.0 mm < 10% over 3.00 mm
—missing buttons Nil < 20% < 50%
Defect allowances

Light blemish < 1.0 cm2 < 3.0 cm2 Light blemish OK
Dark blemish None < 0.5 cm2 aggregate < 3.0 cm2 aggregate

(oleocellosis) (each fruit) (each fruit)
Bruises, cuts, None < 0.25 cm2 aggregate length < 1.0 cm3 aggregate

and punctures length
Insect damage /stains None < 0.5 cm2 < 1 cm2

Rots and decay None < 2% < 5%
Dry fruit None Nil < 5%

Adapted from Turners and Growers (New Zealand) TAG Quality System.

In the example in Table 3.8 there are three grade standards, and fruit are labeled
according to the grade. This example is a fairly simple standard, representing an attempt
to develop a completely new standard for the market. There are no requirements for prior
cool storage, temperature of product, different grade sizes, labeling, or spray-deposit
limits, although these may be required in other documentation. Growers are expected to
supply produce to the market sorted to meet these grade standards.

Quality Inspection and Control
In order to meet these standards fruits and vegetables must be inspected prior to

submission to market, and substandard produce must be downgraded or removed. Quality
control requires continual checks to ensure that standards are maintained, by sampling
graded produce carefully. In apple-handling systems this is achieved by sampling 1 carton
in 50 or 100 in each grade size, according to a specified protocol. Accurate records should
be kept of all defects found in these results, so that slow changes in quality levels can be
identified and corrected. If an out-of-grade carton is found, immediate corrective action
is needed. Usually this is achieved by advising sorters of the problem and by repacking
cartons packed since the last sample was checked. Some specifications require that a
second carton be checked immediately and corrective action taken according to the
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cumulative results of the two samples. Again it is important that the procedure be well
understood and rigorously enforced.

This level of control requires good training of graders and inspectors. Inspectors
may be employed by the packing shed or by a marketing organization. Incentives to
graders for maintaining good quality are needed, rather than threats, which are usually
counterproductive.

Total Quality Management
In order to develop and maintain quality systems in the postharvest industry, total

quality management procedures offer a basis for successful management development.
The emphasis of this system is to aim at continual improvement in quality standards
within the organization. This is achieved by a process of identifying small changes that
would improve product quality, implementing the changes, evaluating the outcomes,
and then adapting or modifying further. Total quality management requires that quality
definitions are discussed and agreed by everyone in the production chain, and that a
quality manual is produced for use by the company concerned.

In the apple and kiwifruit industries in New Zealand, quality standards are maintained
by a process in which approved grading sheds employ quality-assurance personnel, who
are trained to conduct regular checks on produce, using a carefully developed sampling
procedure [70]. Checks also are conducted by the main marketing organization on receipt
of product at the shipping depot. Strict documentation procedures are implemented
throughout. The marketing organization conducts training and certification programs for
quality-control personnel each year, including updating staff on changes to standards.

Quality checks are required throughout the postharvest chain. These include not only
checks on the quality of the product but also an assessment of the procedures and facilities
at each part of the handling chain. Checks on product quality normally are undertaken
whenever the product changes hands or has completed a unit operation in the chain.

Changes in Standards
Standards should be variable in time rather than absolute, in order to enable producers

to react to, or be proactive in setting, new consumer requirements. This implies that the
technologist has to continually seek new measurement methods capable of establishing
new standards at all points in the product’s life.
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3.2 Fruit and Vegetable Storage Requirements
E. W. Hewett

3.2.1 Fundamentals

It is becoming increasingly important to present top-quality products to discerning
international consumers. Most major supermarket chains buy horticultural products to
specification (size, weight, color, and freedom from defects); buyers are rejecting prod-
ucts that deviate from precontracted specification ranges.

It is therefore imperative that growers, exporters, shippers, and scientists work together
to ensure that customer quality standards are being met. An important first step in this
process is to ensure that all concerned understand the nature of product perishability and
appreciate important biological factors that influence deterioration.

An understanding of these features will improve industry’s ability to deliver high-
quality produce to its markets, both locally and overseas. Postharvest technologies need
to take account of the living nature of horticultural products, and in particular their sus-
ceptibility to physical, pathological, and physiological deterioration. Both physical and
temperature abuse of produce can lead to increased decay. Optimum storage tempera-
tures are generally as close to freezing temperature as can be achieved without inducing
chilling injury. For some crops this is 0◦C, but for crops sensitive to chilling it may be
as high as 16◦C. Optimized refrigeration and controlled-atmosphere storage conditions
reduce respiration, achieving slower deterioration and enhanced storage life. Preventing
ethylene contamination of the storage environment from external sources or by ethylene-
producing crops is important to maximize storage life. These approaches, combined with
new engineering and molecular approaches, will be important in the production and han-
dling systems used to get products to market.

Postharvest technologists attempt to maintain quality through the cool chain, slowing
deterioration to improve storage and shelf life, and thus ensuring consumers have high-
quality fruits and vegetables to purchase. They seek to control the handling, transport, and
storage conditions to ensure optimal quality [1]. Postharvest physiologists seek to under-
stand and develop strategies to control the basic physiological and biochemical changes
that occur in harvested plant products during handling and storage. It is only through
such understanding that sensible and meaningful recommendations can be made for
manipulation of elements in the cool chain to ensure quality products reach all markets.

Morphological structure of fruits and vegetables is incredibly diverse, comprising
all plant parts, such as roots, underground stems, stems, leaves and flowers, and flower
parts [2]. Therefore it is not surprising that handling and storage recommendations for
maximum postharvest life vary from product to product.

This section addresses several key elements that influence deterioration in freshly
harvested horticultural crops. It also indicates potential opportunities for quality en-
hancement, based on recent biological discoveries.

3.2.2 Horticultural Products Are Living Entities

The harvesting operation is a catastrophic event, removing the product from its
source of minerals and water (from roots) and in most cases from its source of energy



274 Fruit and Vegetables

(carbohydrates from the leaves). Freshly harvested horticultural products remain alive
after harvest, in contrast with other food products such as cereals, meat, and milk-based
items. Horticultural products are very active metabolically, as reflected in their relatively
high respiration rate.

After harvest, horticultural products do not remain in a constant condition but continue
to develop through the following processes that are genetically predetermined:

maturation⇒ ripening⇒ senescence⇒ death

The developmental processes of maturation and ripeness merge and overlap. Maturity
may have two aspects, and it is important to distinguish between them.Physiological ma-
turity refers to that stage of development when maximum growth has occurred and proper
completion of subsequent ripening can occur even if the product has been harvested.Com-
mercial maturityis that stage of development of a fruit or vegetable that is required by the
market (retailer or consumer); it may have little relation to physiological maturity and
may occur at various stages of ripeness depending on individual consumer preference [3].

Final eating quality is critically dependent on harvesting at the correct maturity stage,
so that normal ripening can occur with the concomitant development of flavor, texture,
aroma and juiciness required by consumers. In many fruits, ripening occurs either on
or off the tree. Optimum eating quality for many vegetable crops is attained before full
maturity. Examples include peas, green beans, broccoli, sweet corn, zucchini, asparagus,
and leafy vegetables; if these products are left attached to the parent plant and not
harvested at the correct time, their quality is much reduced. A range of maturity indices
has been developed for fruits and vegetables (see Table 3.5).

Deterioration commences at harvest; postharvest technologies are designed to slow
the rate of ripening and senescence and hence quality decline. If deterioration is rapid,
poor-quality product can be removed at the point of production or packing at which
quality inspection occurs; if deterioration is slow the product may pass initial quality
inspection yet be of reduced acceptability to consumers because of poor appearance,
texture, or taste. This is likely to make future purchases unlikely [2].

3.2.3 Deterioration of Fresh Products

Deterioration results from three main types of effects: physical, physiological, and
pathological. Most of the following discussion involves physiological effects, but a brief
mention of physical and pathological effects is warranted.

Physical Effects
Produce can sustain mechanical or physical damage at all stages of the chain from

harvest to consumption. Bruises, cuts, abrasions, and fractures occur as a result of poor
handling or inadequate packaging. Such damage dramatically increases water loss and
susceptibility to infection by postharvest fungi and bacteria. In addition, respiration and
ethylene production are enhanced in wounded tissue; these all lead to rapid quality loss
in physically damaged organs.

Both product firmness and water status influence susceptibility to mechanical damage.
Development of gentle yet effective handling systems and appropriate packages, together
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with education of personnel, are required to minimize physical damage. This is discussed
in Section 3.3.

Pathological Effects
Postharvest decay of produce results in major losses of horticulture foods worldwide.

Any physical damage to produce provides an ideal entry point for such pathogens.
A wide range of fungi and bacteria contribute to postharvest losses in fruit and veg-

etables throughout the world, especially in situations in which cool-chain management
is inadequate. These postharvest pathogens may infect produce at various preharvest
stages through plant or fruit development, at harvest, or after harvest while products are
in store or in transit to market.

Latent infections occur during flower or early fruit development, but after initial
penetration the infective agent becomes quiescent until the product has reached a stage
of maturity or ripeness that allows it to recommence growth and spread throughout
the product. Examples includeBotrytis cinereaon strawberries,Monolinia fructicola
on peaches, andColletotrichum gloeosporioideson avocado and mango. Removal of
previously infected fruit and application of appropriate fungicides at bloom are the
recommended means of control.

Infection through wounds in the product surface (including the picking scar in fruit
such as kiwifruit) occur especially following mechanical damage sustained through
rough handling at harvest and during grading, sizing, and packaging. Saprophytic organ-
isms that would normally not cause a problem, such asRhizopus stoloniferaandMucor
spp., have the potential to cause substantial damage, in addition to other ubiquitous
fungi and bacteria. Introduction of systems to minimize risks of physical damage, such
as training of staff and total quality management systems, should reduce opportunities
for this type of infection to occur.

Growth of many postharvest fungi is inhibited or markedly reduced at storage temper-
atures below 5◦C. Unfortunately several successful pathogens, includingBotrytis cinerea
andMonolinia fructicola, survive and grow slowly at 0◦C, ready to proliferate rapidly
when product temperature increases after storage.

Although many pathogens have the potential to cause postharvest decay, most losses
are the result of a relatively few highly effective organisms, many of which have a wide
host range, attacking tropical, subtropical, and temperate products (Table 3.9). Tradi-
tionally control has required a range of chemicals, applied both as preharvest sprays and
postharvest dips or drenches, but increasingly markets are not accepting such postharvest
treatments.

Recent consumer resistance to spray residues has led to development of nonchemical
or biological control methods to combat postharvest fungal pathogens. Naturally occur-
ring yeasts seem promising for reducing several widespread postharvest pathogens [5].

Chilling Injury
Most tropical and subtropical products are susceptible to chilling injury when exposed

to temperatures above freezing but below a critical threshold temperature for each par-
ticular product (Fig. 3.6 and Table 3.10). These chilling temperatures cause breakdown
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Table 3.9. Some major postharvest diseases of fresh fruits and vegetables

Crop Disease Pathogens

Apple, pear Lenticel rot Phlycataena vagabunda
(Gloeosporium album)

Blue mold rot Penicillium expansum
Bull’s eye rot Pezicula malicorticis
Bitter rot Colletotrichum gloeosporioides
Eye rot Nectria galligena

Stone fruits Brown rot Monolinia fructicola
Grey mold Botrytis cinerea
Rhizopus Rhizopus spp.
Blue mold Penicillium expansum
Alternaria rot Alternaria alternata

Strawberries Gray mold rot Botrytis cinerea
Rhizopus rot Rhizopus spp.
Anthracnose Colletotrichum gloeosporioides

Grapes Gray mold rot Botrytis cinerea
Alternaria rot Alternaria alternata
Cladosporium rot Cladosporium herbarum
Blue mold rot Penicillium expansum

Banana and plantain Anthracnose Colletotrichum musae
Thielaviopsis finger-stem rot Thielaviopsis paradoxa
Botryodiplodia finger-stem rot Botryodiplodia theobromae
Fusarium finger-stem and spot rot Fusarium roseum

Tropical fruits Cigar-end rot Verticillium theobromae
Crown rot Fusarium roseum

Pineapple Thielaviopsis soft rot: water blister, black rot Thielaviopsis paradoxa
Bacterial brown rot Erwinia ananas
Fruitlet core rot Penicillium funiculosum

Tomatoes Alternaria rot Alternaria alternata
Buckeye rot Phytophthora parasitica
Botrytis rot Botrytis cinerea
Rhizopus rot Rhizopus spp.
Sour rot Geotrichum candidum

Carrots Bacterial soft rot Erwinia carotovora
White rot Sclerotinia minor
Black mold Thielaviopsis basicola

Citrus fruits Blue mold rot Penicillium italicum
Green mold rot Penicillium digitatum
Brown rot Phytophthora citrophthora
Diplodia rot Diplodia natalensis
Phomopsis rot Phomopsis citri
Alternaria rot Alternaria citri
Trichoderma rot Trichoderma lignorum
Sour rot Geotrichum candidum

Avocado Dothiorella stem-end rot Dothiorella gregaria
Diplodia stem-end rot Diplodia natalensis
Anthracnose Colletotrichum gloeosporiodes
Phomopsis stem-end rot Phomopsis citri

Kiwifruit Gray mold Botrytis cinerea
Surface mold Alternaria alternata

(Cont.)
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Table 3.9. (Continued)

Crop Disease Pathogens

Papaya Anthracnose Colletotrichum gloeosporioides
Rhizopus rot Rhizopus spp.
Alternaria rot Alternaria alternata
Crater rot Rhizoctonia carotae
Botrytis rot Botrytis cinerea

Lettuce Bacterial soft rot Erwinia carotovora
Onions Neck rot Botrytis spp.

Bacterial soft rot Erwinia carotovora
Smudge Colletotrichum circinans
Basal and/or bulb rot Fusarium spp.

Potatoes Late blight Phytophthora infestans
Dry rot Fusarium solani
Black scurf Rhizoctonia solani
Pink rot Phytophthora erythroseptica

Sweet potatoes Rhizopus rot Rhizopus stolonifera
Fusarium rot Fusarium oxysporum

Beans White rot Sclerotinia minor
Botrytis rot Botrytis cinerea
Anthracrose Colletotrichum lindemuthianum

Source: [4].

Figure 3.6. Temperature effects on chilling-sensitive and nonsensitive crops.
(Source: [21])
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Table 3.10. Fruits and vegetables classified according to sensitivity
to chilling injury

Group I: Group II:
Not Sensitive to Chilling Sensitive to Chilling

Fruit Vegetables Fruit Vegetables

Apple Artichokes Avocados Beans, snap
Apricot Asparagus Bananas Cassava
Blackberry Beans, Lima Breadfruit Cucumbers
Blueberries Beets Carambola Eggplant
Cherries Broccoli Cherimoya Ginger
Currants Brussels sprouts Citrus Muskmelon
Dates Cabbage Cranberry Okra
Figs Carrots Durian Peppers
Grapes Cauliflower Feijoa Potatoes
Kiwifruit Celery Guavas Pumpkins
Loquats Corn, sweet Jackfruit Squash
Nectarinesa Endive Jujubes Sweet potatoes
Peachesa Garlic Longan Taro
Pears Lettuce Lychees Tomatoes
Persimmona Mushrooms Mangoes Watermelon
Plumsa Onions Mangosteen Yams
Prunes Parsley Olives
Raspberry Parsnips Papayas
Strawberry Peas Passion fruit

Radishes Pepinos
Spinach Pineapples
Turnips Plantain

Pomegranate
Prickly pear
Rambutan
Sapodilla
Sapota
Tamarillo

Source: [21].
a Some cultivars are sensitive to chilling.

of cellular membranes, resulting in loss of compartmentalization within the cells of the
tissue, increased leakiness, water soaking of tissue, and eventually pitting or browning.
Some chilled fruit fail to ripen normally, while in others there is an accelerated rate
of senescence and a shortened shelf life. Symptoms of chilling injury are varied and
depend on the product but include surface pitting, surface browning, internal browning
to vascular tissue or in parenchyma cells, water soaking, and mealiness or wooliness of
texture (Table 3.11).

The ultimate symptom of severely chilled products is decay; the original cause of such
rotten produce may not be realized unless the temperature history of the product is known.

Chilling injury is avoided by storing susceptible products above their threshold dam-
age temperatures, although reduction of injury can be achieved by exposing products to
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Table 3.11. Characteristics of chilling for specific fruits

Approximate Lowest Safe Storage
Product Temperature (◦C) Typical Symptoms

Apple 0–3 Internal browning (breakdown)
Avocado 5–12a Pitting, browning of pulp

and vascular strands
Beans ( snap ) 7 Water soaking, rots
Banana 12 Brown streaking on skin
Cucumber 7 Dark color, water-soaked areas
Egg plant 7 Surface scald
Lemon 10 Pitting of flavedo, membrane staining,

red blotches
Lime 7 Pitting
Mango 5–12a Dull skin, brown areas
Melon 7–10a Pitting, surface rots
Papaya 7 Pitting, water-soaked areas, rots
Peach 0–5 Mealiness, browning near stone
Peppers 7 Water soaking, rots
Pineapple 6–12a Brown or black flesh
Sweet potato 12 Flesh discoloration, breakdown, rots
Tomato 10–12 Pitting, water soaking, rots

Source: [2].
a Temperature range indicates variability among cultivars of their susceptibility to chilling

injury.

preconditioning or intermittent temperatures or to high temperatures (38–45◦C) prior to
low-temperature storage [6–8].

3.2.4 Physiological Factors Involved in Deterioration

Respiration
All living things respire to generate energy for continued metabolism. A simplified

summary equation for respiration is

C6H12O6+ 6O2→ 6CO2+ 6H2O+ heat

Respiration is highly temperature dependent (Fig. 3.7). The lower the temperature
(down to 0◦C) of harvested fruit and vegetables the lower the respiration rate. Conse-
quences of lowering respiration rate include
• Reduction in carbohydrate loss
• Decreased rate of deterioration
• Increased storage and shelf life
Low-temperature storage (given cognizance of potential chilling injury in susceptible

products) is the major weapon that the postharvest operator has to maintain quality and
extend life of harvested products (Fig. 3.8). Low temperatures not only reduce respiration
rate, but also reduce
• Water loss through transpiration
• Nutritional loss
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Figure 3.7. Tempertaure effects on respiration of
several fresh horticultural products. (modified

from [9])

Figure 3.8. Generalized temperature effects on quality
and storage life of horticultural products. (modified

from [9])

• Postharvest decay
• Ethylene production
Practical application of such information has been incorporated into successful cool-

chain management for many products. Immediately after harvest, products should be
placed in a well-ventilated shade environment to prevent large temperature increases
that occur if products are exposed to direct sunlight.

Rapid cooling as soon as possible after harvest (to reduce respiration rate) is used
commonly in the horticultural industry, particularly for very perishable products such
as strawberries and broccoli but also for kiwifruit and apples. Hydrocooling, vacuum
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cooling, or forced air-cooling is used widely to remove field heat rapidly. The method
chosen depends on the crop.

Respiration rate of horticultural products varies, but as a general rule perishability is a
function of respiration rate; the greater the respiration rate the more perishable the product
and the shorter the time it can be stored and still maintain acceptable quality. Actively
growing products, such as asparagus or broccoli, or tropical fruit, such as cherimoya or
mango, have high rates of respiration and limited storage life.

Differences do exist among cultivars, so it is important that this be taken into account
for cool store and packaging. A summary of optimum storage temperatures for selected
fruits and vegetables is shown in the Appendix, Table 3.A3.

Packages should be designed to allow cool air to flow directly over products, ensuring
rapid temperature pull-down and consequent temperature maintenance. Regrettably, too
many packages in current use are largely inpenetratable to air movement, resulting in a
slow temperature decrease, influencing quality negatively (see Section 3.3).

Minimizing temperature variation from the optimum recommended during storage
improves uniformity in product quality. Refinements are being made in refrigeration-
control systems, cool-store design, and pallet-stacking patterns to optimize air temper-
ature and airflow through and around pallets in cool stores [10]. This prevents hot spots
from developing in localized areas within the store that would lead to higher respiration
rates, more rapid deterioration, and hence poorer quality than in parts of the store in
which product temperature was optimised (see Section 3.4).

Freezing point of most horticultural products after harvest is between−2 and−1◦C.
Temperatures in coolstores should be maintained at or slightly above 0◦C for temper-
ate products to avoid freezing; damage caused by freezing will disrupt cell walls and
membranes, leading to loss of cellular compartmentation and increased susceptibility
to infection by fungi and bacteria. Deterioration is rapid, generally irreversible, and
terminal if products are removed from freezing temperatures and allowed to thaw.

Increasing interest is being shown in the potential of short-term prestorage exposure
to relatively high temperatures (35–55◦C) as a means of reducing chilling injury [7],
as a quarantine treatment for disinfesting products of pests [11] and for reducing the
rate of some senescence processes. Product-specific high-temperature treatments have
been shown to reduce ethylene production, prevent yellowing and retard softening in a
number of products [6], all of which can extend storage life.

Controlled and Modified Atmospheres
It has long been recognised (since the 1920s and 1930s) that controlling the atmo-

sphere around products influences respiration rate. Respiration rate is a function of O2

and CO2 concentration. Respiration decreases as O2 concentration in the environment,
and hence inside the product, is reduced. Eventually an O2 concentration is reached,
below which CO2 production rapidly increases (Fig. 3.9) as anaerobic respiration pre-
dominates. The O2 concentration at which respiration is at a minimum is called the
anaerobic compensation point(ACP). The ACP or lower oxygen limit [13] varies with
temperature, fruit type, and cultivar and among fruit, probably because of varying skin
permeance to O2 and CO2 movement [14]. Derivation of ACP needs to be undertaken for
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Figure 3.9. A schematic representation of the effects of O2

concentration of aerobic and anaerobic respiration rates of
fresh vegetables. (Source: [12])

intact and minimally processed products destined for controlled-atmosphere or modified-
atmosphere storage. Development of atmospheres with O2 lower than the ACP inevitably
leads to off flavors and loss of quality. Knowledge of ACPs for crops allows optimization
of controlled-atmosphere conditions for different products and avoids problems such as
development of off flavor and physiological damage that may result from anaerobic
respiration and subsequent fermentation processes at suboptimal O2 atmospheres.

Controlled-atmosphere storage has been the mainstay of the European and North
American apple industries for many decades but has not been commercially successful for
many horticultural crops. Adoption of this technology has been slow in other countries,
although information on desired atmospheres for a range of crops is available [15–20].
This technology must be seen as an adjunct to good temperature management [21].

Generally controlled-atmosphere stores operate with 0◦C atmosphere containing 1%
to 5% CO2 and 1% to 3% O2, depending on crop and cultivar [15–20].

Recent improvements of gas and temperature control systems have allowed cool-store
operators to refine these ranges; for some cultivars of apple, 0% CO2 and 1.0% O2 are
being used. The lower the O2 concentration, and the higher the CO2 concentration, the
higher the risk of problems arising, generally manifested as some form of external or
internal product browning.

Modified atmospheres, in which the atmosphere is passively regulated depending on
product mass, temperature, and nature of a polymeric film package, are being used in-
creasingly for minimally processed or “fresh-cut” products [22]. In addition, they can be
used to reduce disorders in whole fruit [23]. A major problem with modified-atmosphere
generation in polymeric films arises from the fact that the increase in product respiration
rate with temperature is greater than the increase in film permeability to respiratory gases
over the same temperature range. This results in elevated CO2 and depressed O2 concen-
trations inside packs that may exceed the physiological thresholds for damage, leading
to development of off-flavor. It is crucial that temperatures of modified-atmostphere
packages are prevented from rising too high.
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Development of models that predict the physiological responses of products to ir-
regular and often unpredictable changes in temperature during handling, storage, and
transport of modified-atmosphere packaged products should assist in the development
of relatively low-risk systems [24].

Ethylene
Ethylene is an ubiquitous, naturally occurring gaseous compound produced by plants

that at very low concentrations can influence many aspects of plant growth and devel-
opment [25]. It is particularly important in the maturation, ripening and senescence of
fruits, flowers and vegetables.

Ethylene is a simple, two-carbon unsaturated compound:

H H
\ /

C == C
/ \

H H

It is also a contamination product from petroleum-powered engines, from cigarette
smoke, and from the ballasts of fluorescent lights.

Ethylene can have both positive and negative effects on product quality [21]. Positive
effects include
• Coordination of several ripening events
• Induction of abscission and color change from green to yellow
• Induction of softening, juice development, and flavor
• Promotion of uniform ripening
• Commercial ripening of avocados, bananas, kiwifruit, and tomatoes

However, important negative effects of ethylene on quality include
• Accelerated senescence even at low temperatures
• Induced loss of green color in leaves
• Induction of abscission in flowers and fruit
• Increased organ softening even at concentrations as low as 0.001µL ·L−1 [26].
• Induction of some physiological disorders
• Initiation of ripening in climacteric fruit that cannot be reversed.
Increasingly, attempts are being made to prevent ethylene from accumulating in pack-

ages or in cool stores. Ethylene-absorbing material can be placed inside sachets (e.g.,
potassium permanganate on perlite) or is used for scrubbing ethylene from cool stores
(e.g., activated charcoal). However, in general, stringent attention to hygiene conditions
in and around packing sheds and ensuring that exhaust fumes do not contaminate products
are the best ways of preventing ethylene accumulation.

Fruits can be categorized as climacteric or nonclimacteric (Table 3.12) depending on
their response to and ability to produce ethylene [27]. Climacteric fruit are those that
produce relatively large amounts of ethylene during ripening on or off the tree. Peak
production generally coincides with a concurrent respiratory peak within 3 to 10 days of
harvest, after which respiration may decline. Ethylene production is autocatalytic in that
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Table 3.12. Fruits classified according to
respiratory behavior during ripening

Climacteric Nonclimacteric

Apple Blackberry
Apricot Cacao
Avocado Carambola
Banana Cashew apple
Biriba Cherry
Blueberry Cucumber
Breadfruit Date
Cherimoya Eggplant
Durian Grape
Feijoa Grapefruit
Fig Jujube
Guava Lemon
Jackfruit Lime
Kiwifruit Longan
Mango Loquat
Muskmelon Lychee
Nectarine Okra
Papaya Olive
Passion fruit Orange
Peach Peas
Pear Pepper
Persimmon Pineapple
Plantain Pomegranate
Plum Prickly pear
Quince Raspberry
Rambutan Strawberry
Sapodilla Summer squash
Sapote Tamarillo
Soursop Tangerine
Tomato Mandarin

Watermelon

Source: [21].

production will continue, stimulated by endogenous levels, even if an external source is
removed.

Nonclimacteric fruit do not produce either a respiratory peak or an ethylene surge
during ripening, and there is no autocatalytic ethylene production. Rather they show
a steady decline in respiration rate and a low rate of ethylene production as ripening
proceeds. They normally are ready to eat at harvest. Exposure to ethylene, or an analogue
of ethylene, stimulates ethylene production, but only as long as the source is present.

These behavioral patterns have implications for storage, particularly with regard to
mixed loads. Ethylene-sensitive products should not be stored with climacteric fruit
otherwise premature, unplanned, and uncontrolled ripening can occur (see Section 3.4).

Ethylene in plants is synthesized from the amino acid methionine through the path-
way involving aminocyclopropane carboxylic acid (ACC, Fig. 3.10). Two key enzymes
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Figure 3.10. Ethylene biosynthetic pathway in plants
including process inhibitors and promoters.
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catalyze reactions in this pathway: ACC synthase, the rate-limiting enzyme that converts
S-adenosylmethionine to ACC; and ACC oxidase, which converts ACC to ethylene.

Storage of climacteric fruit at low temperatures or low O2 concentrations results
in reduced ethylene production because of the inhibition of ACC oxidase activity. Thus
another beneficial effect of low temperature controlled-atmosphere storage of climacteric
fruit is this reduction in endogenous ethylene, which in turn helps extend storage and
shelf life. However, the beneficial effects of controlled-atmosphere are enhanced if a
scrubber is utilized to maintain ethylene concentrations at a minimum.

The pathway of ethylene biosynthesis is well established for higher plants (see
Fig. 3.10). Some chemicals are available to inhibit the key rate-limiting enzyme, ACC
synthase, but although relatively effective in reducing ethylene production, they have
not gained commercial acceptance. Low temperatures and controlled-atmosphere con-
ditions reduce the conversion of ACC to ethylene. Several compounds are available that
when absorbed into the plant or product can prevent ethylene from binding to putative
ethylene receptors and hence inhibit ethylene action [25]. Silver thiosulphate is widely
used in the cut-flower industry to prolong shelf life [25]. New compounds such as di-
azocyclopentadiene and 1-methylcyclopropene are very effective inhibitors of ethylene
action [28] and are still under evaluation for use in the cut-flower and nursery industries.

Ethylene is widely used on several fruit crops to induce uniform and consistent ripen-
ing, to provide “ready to eat” product for consumers. Application of ethylene as a ripen-
ing or degreening gas, at concentrations from 10 to 200 ppm, generally combined with
CO2 or N2, is used routinely for tomatoes, bananas, avocados, kiwifruit, and citrus at
temperatures of 15 to 25◦C and at 80% to 95% relative humidity [2].

3.2.5 Preharvest Factors Affecting Postharvest Quality

Ultimate eating quality of fruit is largely predetermined at harvest. Choice of cultivar,
rootstock, irrigation, fertilizer regime, training, and pruning systems will impact fruit
size and color at harvest.

Calcium is the fifth most abundant element in soil, and symptoms of Ca deficiency are
rarely seen on leaves of plants. However, because uptake, transport, and distribution of Ca
within plants is different from those of other major elements, fruit, bulky leafy vegetables,
and root crops are often deficient in this element. More than 30 physiological quality
defects can be directly attributed to shortage of Ca [29]. Disorders caused by deficiencies
in Ca often develop during cool storage, with fruit having appeared in good condition at
harvest.

Uptake of calcium is predominantly by young, actively growing roots; this element
moves passively with water in xylem tissues at a rate largely determined by transpiration.
It does not move in phloem tissues to any great extent and hence is not redistributed
from one organ to another. Calcium is distributed mainly to those tissues with a high
transpiration rate, so organs with a large surface area–to–mass ratio (leaves, young
developing fruit) will contain more calcium than those with a lesser surface area–to–mass
ratio (large fruit, tubers, heart vegetables). This element plays a crucial role in maintaining
integrity of cell walls and membranes. It is also involved in transduction of external
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stimuli to cells. Thus, deficiencies of calcium dramatically affect quality attributes such
as firmness, texture, and susceptibility to a range of physiological disorders such as
pitting, internal breakdown and chilling injury, as well as influencing susceptibility to
infection by postharvest pathogens [29–31].

Calcium enhancement is best achieved by adding Ca directly to fruit, either by pre-
harvest sprays or postharvest vacuum infiltration or dipping treatments using CaCl2

[32]. Application of Ca to the soil as lime generally will not ameliorate Ca-related fruit-
quality problems. It should be possible to establish product-specific calcium threshold
concentrations, below which quality problems are likely to occur, and devise appropriate
management strategies to enhance tissue concentrations of calcium.

Other mineral elements can affect product quality. Excess of nitrogen, imbalance
of nitrogen, potassium and magnesium, and deficiency of phosphorus and certain mi-
croelements all can result in detrimental effects on product quality and reduce storage
life.

3.2.6 Harvesting and Its Effect on Postharvest Quality

Great care must be taken during harvesting of perishable fruits and vegetables to
avoid physical damage (see Section 3.3). Any mechanical damage that occurs at harvest,
during movement of product to the packhouse, or through grading and packing lines will
result in enhanced respiration, elevated ethylene production, water loss and increased
susceptibility to infection by postharvest pathogens, all of which can induce rapid de-
terioration and loss of quality. A number of simple but effective steps can be taken to
reduce physical damage from occurring during this phase of the harvesting and handling
system [33]. These include careful handling of the product at all stages of the operation,
good sanitation and hygiene with all equipment (this may include addition of chlorine [as
hypochlorite at 50–150 ppm] to water dumps in the packing and grading line to reduce
microorganisms), maintenance of packing equipment to prevent excessive drops onto
hard surfaces, and padding of all machinery surfaces on which products may impact.

Curing is a simple method of reducing losses due to decay and water loss during stor-
age of some products including some citrus fruit, root, tuber, and bulb crops. Prestorage
exposure for 1 to 10 days (time depending on product), at 12 to 20◦C for potatoes, ki-
wifruit, and citrus, or to 30 to 40◦C for sweet potatoes, yams, onions, garlic, and cassava,
allows some moisture loss but induces wound healing by development of new suber-
ized epidermal tissue, thus preventing decay development and further excessive water
loss [21].

3.2.7 New Postharvest Opportunities

Customers, especially supermarket buyers, are requiring increasingly uniform and
consistent products with narrowing margins of quality specification. Technologists are
poised to make further significant contributions to improving the quality of fresh har-
vested horticultural products. Further refinements can be expected as we learn more
about the interaction of preharvest factors with responses of products to the postharvest
environment.
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Specific knowledge of product response to endogenous CO2, O2, and C2H4 at different
times and temperatures after harvest, together with the sophisticated temperature- and
gas-control systems currently available, creates the opportunity for modulating storage
environments to continuously minimize respiration rate and hence deterioration. This can
be achieved in both static land-based cool stores and in seagoing containers. Intermittent
shock treatments to minimize some physiological disorders, including chilling injury,
also may be possible [7].

Considerable efforts are being made to develop active packaging to overcome prob-
lems associated with changing temperatures during storage and transit of modified-
atmosphere packages. Development of films that can increase permeability in response
to a chemical signal (e.g., ethanol or acetaldehyde produced during anaerobic respira-
tion) may soon become a reality. The possibility for creating surface coatings, which
reduce water loss but at the same time allow the establishment of appropriate internal
atmospheres in fruit but do not allow physiologically “dangerous” levels of gases to
develop, is exciting.

Rapid advances are being made in creating equipment that can monitor internal quality
attributes nondestructively. Already it is possible to grade fruit electronically for size and
colour; near infrared detectors already are used commercially in Japan and France to
measure soluble solids content in fruit on grading lines. The ability to separate products
accurately and consistently on the basis of specific internal chemical composition creates
the opportunity for providing particular quality attributes (taste or sensory) for discerning
niche markets.

Genetic manipulation of plants probably offers the greatest opportunity for making
long-term sustainable advances in reducing deterioration rates and extending storage and
shelf life of horticultural products. Naturally occurring, long-life mutant tomatoes are
now available for commercial production. Combining genetic traits conferring normal
shape and flavor attributes with those conferring reduced ethylene production, traditional
plant breeders have been able to create highly acceptable cultivars that have a much
extended shelf life compared with previous cultivars.

Molecular biology has allowed scientists to incorporate desirable genes into the ge-
netic makeup of traditional crops. The first commercially produced food plant of this
type accepted by the FDA in the USA was the Flavr Savr tomato produced by Calgene.
Molecular technology was used to inhibit cell-wall breakdown and hence slow fruit
softening. The Flavr Savr tomatoes are more resistant to handling damage, and hence
postharvest decay, than normal tomatoes, as well as producing a more viscous paste that
is a great advantage for tomato processors. Tomatoes have been produced with much-
reduced ethylene production and hence greatly extended shelf life. Similar lines have
been created for apple, peach, and kiwifruit and are being evaluated for other production
and quality attributes.
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3.3 Handling Systems and Packaging
C. J. Studman

3.3.1 Postharvest Losses

Fruit and vegetables must be transferred from the field to the table, to arrive in a
state that is acceptable to the consumer. Although traditional farm- and orchard-gate
sales still can provide a useful income, the increasingly lucrative demand for year-round
supplies from urban dwellers and international markets requires that there has to be an
increasing level of handling, transportation, and storage of products. Unlike cereals, fruit
and vegetables are essentially highly perishable commodities. Most fruit and vegetable
crops begin to deteriorate as soon as they are harvested, and most are particularly prone
to handling damage at all times. In general, the level of susceptibility of these products to
handling damage is greatly underestimated, usually because the effects of mishandling
do not appear until some time after the damage occurred.

Estimates of postharvest losses are difficult to make. Generally accepted values
are 25% to 50% of production in less-developed countries [1–4], and around 10%
to 25% elsewhere. Poor handling and storage can easily result in a total crop loss
anywhere. Estimated losses for various crops in less-developed countries are given in
Table 3.13. In developed marketing systems losses are lower (e.g., Table 3.14). As the
table implies, not all losses are due to poor handling, but handling damage is known to
accelerate other types of deterioration, particularly the development of molds and rots.

This section reviews postharvest procedures and operations for fresh fruit and vegeta-
bles and considers ways to avoid handling damage. Packaging options also are described.
Requirements for fruit intended for canning and processing are generally less severe, but
financial returns are also usually lower.

3.3.2 Postharvest Operations

The types of operations are summarized in Table 3.15. Clearly processes differ among
crops, and some crops do not require all the stages listed or may require further operations
to enhance the quality of the product. Seven major steps are involved, and the example
given in the right-hand column is based on the postharvest chain for apples. Other crops
are discussed in the text.

Harvest
Product for the fresh-fruit market mostly is harvested by hand into suitable containers.

Fruit are easily damaged at harvest time, so care is required. Mechanical aids are available
for harvesting in the form of gantries, picking ladders, and in some cases mobile conveyor
systems, but more commonly the picker collects the fruit into a small holder such as a
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Table 3.13. Crop losses in less-developed
countries

Crop Estimated Loss (%)

Apples 14
Avocados 43
Bananas 20–80
Cabbage 37
Carrots 44
Cassava 10–25
Cauliflower 49
Citrus 20–95
Grapes 27
Lettuce 62
Papayas 40–100
Plantain 35–100
Potatoes 5–40
Onions 16–35
Raisins 20–95
Stone fruit 28
Sweet potatoes 35–95
Tomatoes 5–50
Yams 10–60

Sources: [2, 4].

Table 3.14. Percentage losses of crops by reason between
wholesale and retail markets in Thailand

Weight Bruise Rot Trim Total

Cabbage 0.64 3.26 0.18 7.01 11.09
Cauliflower 0.98 0.62 0 9.76 11.36
Chinese cabbage 1.92 2.95 0.11 4.48 9.46
Spinach 2.77 1.06 0 14.43 18.26
Leaf mustard 3.92 4.69 0.29 4.11 13.01
Rape 2.13 2.62 0 3.32 8.07
Chives 1.28 3.18 0.15 5.63 10.24
Lettuce 1.32 2.48 0 2.50 6.30
Kale 1.22 2.55 0.14 8.21 12.12
Water spinach 1.40 3.96 0.27 3.23 8.86
Parsley 1.78 3.02 0.50 2.32 7.62
Spring onion 1.45 3.11 0.43 4.33 9.32
Cucumber 2.43 4.71 0.07 0 7.21
Gourd 0.50 7.59 0 0 8.07
Chinese radish 1.91 1.38 0.22 6.44 9.95
Chili 2.56 4.56 0.20 0.14 8.46
Tomato 0.41 9.03 0.05 0 9.49
Yard long bean 1.61 2.42 0 0 4.03
Mean 1.67 3.59 0.18 5.42 10.86

Sources: [3, 4].
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Table 3.15. Example of postharvest operations for fresh fruit
and vegetables

Postharvest Operations Example: Operational Steps for
and Procedures Apples

Harvest 1. Harvest
Field packaging 2. Transfer to field bin

(or field sorting)
Transport out of field 3. Transport to packing shed
Packing shed operations 4. Reception

5. Drenching
6. Precooling
7. Unloading from field bin
8. Washing and drying
9. Waxing

10. Presorting (color, size range)
11. Sorting
12. Singulating
13. Grading to size
14. Packing
15. Labeling
16. Final shed quality control
17. Palletization

Storage 18. Cooling
19. Cool storage

Shipment to market 20. Loading and transportation
Retailing 21. Retailing operations

picking apron or bucket, which holds not more than 15 kg of fruit. Mangoes, papaya,
apples, and fruit grown in tall trees can be harvested using picking poles: Fruit is separated
from the tree by a sharp cutting edge on the end of the pole and falls into a net just under the
cutter [4, 5]. In some countries fruit is harvested by hand, placed onto straw on the ground
under the trees, hand-sorted, and packed into containers before leaving the orchard. Under
these conditions consistent quality control is difficult to achieve among orchards, but fruit
may sustain less handling damage. Fruit cleanliness also may be a problem.

Mechanical harvesters have been developed for many crops including apples, straw-
berries, blackcurrents, blueberries, cherries, and raspberries. Harvesting involves shaking
the tree or cane by mechanical vibration and catching the detached fruit underneath in
a large blanket or net [4]. However, these systems can cause significant damage to the
crop and are generally only suitable for fruit to be used for processing. There are also
difficulties if the fruit on the tree do not all ripen at the same time.

Some fresh vegetables are harvested by mechanical means. These include peas, beans,
tomatoes, brussel sprouts, and root crops, particularly if the product is for processing.
Details of such operations are provided elsewhere (e.g., by Thompson [4]). However,
the risk of damage is great, and many fresh vegetables are harvested by hand cutting. In
some cases (e.g., pumpkin, squash, cabbage, lettuce), after hand or machine cutting, the
vegetables are placed onto a conveyor system that removes them from the field or to a
mobile grading or packaging machine (Fig. 3.11).
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Figure 3.11. Self-propelled field pack system. (Source: Highlander Ramsay Welding Machine
Promotional Brochure, 1993.)

Figure 3.12. Field Bin. One bin is partially submerged in a water dump
using a fork lift truck. Fully automated systems also are used.

Transfer to Field Bin
Crops such as apples are collected into larger containers (field bins, Fig. 3.12), which

are transported out of the orchard. The transfer into the field bin is a serious potential
cause of damage, unless pickers are well trained. Fruit-on-fruit impact and impacts
against the sides and base of the bin are potential sources of severe bruising.
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Transport to Packing Shed
This journey also is potentially damaging to fruit. In most cases, the fruit as yet have

no packaging to protect them, and they must be transported over rough farm tracks
and other roads to the grading shed or market, which may be several kilometers away.
Training and good management of drivers is essential to keep transport speeds to levels
that are safe for the product.

Reception
It is vital to have documentation about a crop arriving at a grading shed. The doc-

umentation should record details of who the product is from, the harvest date, and the
delivery date to the shed, as well as full details about the crop and pesticides used dur-
ing its growth. This allows the grower to receive appropriate credit for the product and
ensures that quality guidelines have been adhered to prior to arrival of the product at the
shed. Spray certificates and other documentation also may be required. Reliable docu-
mentation requires careful inventory control, including clear procedures for recording
all shipments and marking the field bins.

Precooling
If the product cannot be dealt with immediately when it arrives at the packing shed,

it is essential to minimize the deterioration of product. For most crops this involves
reducing the temperature. Sensible procedures include
• Harvesting early in the day (fruit will be coolest before sunrise, but fruit may damage

more easily)
• Keeping fruit in shade (pole-frame structures with shade cloth coverings are a low-

cost option)
• Dumping into cold water
• Placing fruit straight into precooler if fruit cannot be processed immediately

Highly perishable leafy vegetable crops can be cooled rapidly in the field using mobile
vacuum coolers (see Section 3.4).

Drenching
Some varieties require fungicide or other preventative drenching to reduce physio-

logical disorders or infestations. Calcium drenches are common for many crops. This
can be done using an overhead spray system that washes through the field bin, or dipping
the bin in a bath, which may be outside the grading shed.

Unloading from Field Bin or Trailer
This operation needs to be achieved with the minimum of damage. For apples, sub-

merging the field bin in water results in little damage. Apples can be floated out and
into channels using water (see Fig. 3.12). This procedure works well for fruit with a
density less than that of water. Pears also can be removed in the same way, providing a
suitable chemical is added to the water to increase its density. If water cannot be used,
then options include tipping the bin over slowly or using side openings on the bin. Some
systems have been developed using a false bottom, which is raised up inside the bin, so
that fruit are removed from the top. Alternatively, bin inverters are used (e.g., Fig. 3.13).
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Figure 3.13. Bin inverter with restraining brush and conveyor “lid” to control flow of product.
(Source: Unknown)

Brushes can be used to control the rate at which fruit flows from the bin. However, these
alternative methods are likely to result in damage to delicate crops.

Washing
Field dirt must be removed before sorting. Providing fruit is not seriously soiled, the

water dump followed by a series of rotating brushes will remove dirt, without causing
damage to the fruit. However, there is some concern that brushing can increase water
loss from some products such as citrus. Also, the surface of some fruits (especially pears)
is easily damaged by brushing or rubbing. Squash can be washed with a high-pressure
water jet without apparent damage. After washing, surplus water should be removed.
This usually is achieved as the fruit passes over the brushes or absorbant foam rollers
but may require forced warm air from fans.

Waxing
Waxing of fruit is practiced mainly for cosmetic reasons, because it improves the

appearance of the fruit to the customer (Fig. 3.14). Coatings also may reduce water
loss and affect long-term color changes. Waxing is achieved by passing the fruit under
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Figure 3.14. Waxing rollers. Two types are shown here.

wax-solution sprayers, combined with rotation on expanded plastic foam rollers already
soaked by the spray.

Presorting
In large operations, presorting often is used to remove fruit that clearly does not meet

quality standards. This process helps to maximize throughput in the rest of the grading
system. Minimally trained graders can be utilized for this operation. Machine vision
color sorters remove poor color fruit, and presizers remove excessively small or large
fruit, before humans grade fruit according to quality standards. For some product lines,
only presorting is necessary.

Sorting (grading)
During sorting, fruit are graded (sorted) into categories. In many cases there are only

two or three grades (e.g., export, local market, or juicing). For some lines so-called fancy
or premium grades are used. Although computer vision systems are making significant
advances, grading still is best achieved in most cases by human inspection.

Sorters require suitable facilities to enable them to see defects clearly. Fruit must be
rotated so that the sorters can see the entire fruit surface. Sorters will perform best if they
work under good lighting conditions and in comfortable working positions [6]. Typical
arrangements are shown in Fig. 3.15.

The reach required by the sorters should not exceed the distance between the tips of
the fingers and the rear of the elbow, so that the sorter does not have to stretch or lean
forward to reach fruit. It is normal practice to design such equipment using tables of
anthropometric data for the type of people involved [7] (Table 3.16). Stretching further
takes the sorter outside a region known as thesustainable working zone. The height of
the working surface should be about 100 to 150 mm below the bottom of the elbow in the
normal working position (sitting or standing). Reject chutes for substandard fruit should
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(a)

(b)

Figure 3.15. Grading table design. (a) Example of poor layout. Lighting is
uneven, and workers must raise poor fruit to place it in the reject line. (b)
Side-to-side grader. Fruit moves from left to right of picture. Note barrier
along center to limit worker’s forward reach. Reject chute is at worker’s
waist. Note lighting is across table to give good uniform distribution.



(c)

(d)

Figure 3.15. (Cont.) (c) Cascade sorter. Fruit moves from left to
right of picture towards worker. Forward reach is small. Lighting

from behind may introduce shadow onto fruit. (d) Working height.
All workers should be at the correct height using standing boards.
Good seating should be provided, and workers should alternate

between sitting and standing positions frequently.

299
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Table 3.16. Selected static anthropometric dimension estimates for British adults aged 19 to 65 years
(in millimeters)

Men Women

5th 50th 95th 5th 50th 95th
Percentile Percentile Percentile SD Percentile Percentile Percentile SD

Stature 1625 1740 1855 70 1505 1610 1710 62
Eye height 1515 1630 1745 69 1405 1505 1610 61
Shoulder height 1315 1425 1535 66 1215 1310 1405 58
Elbow height 1005 1090 1180 52 930 1005 1085 46
Fingertip height 590 655 720 38 560 625 685 38
Sitting height 850 910 965 36 795 850 910 35
Sitting eye height 735 790 845 35 685 740 795 33
Sitting elbow 195 245 295 31 185 235 280 29

height
Knee height 490 545 595 32 455 500 540 27
Shoulder–elbow 330 365 395 20 300 330 360 17

length
Elbow–fingertip 440 475 510 21 400 430 460 19

length
Upper limb 720 780 840 36 655 705 760 32

length
Shoulder–grip 610 665 715 32 555 600 650 29

length
Span 1655 1790 1925 83 1490 1605 1725 71
Elbow span 865 945 1020 47 780 850 920 43
Vertical grip reach 1925 2060 2190 80 1790 1905 2020 71

(standing)
Vertical grip reach 1145 1245 1340 60 1060 1150 1235 53

(sitting)
Forward grip reach 720 780 835 34 650 705 755 31

Source: [7].

be placed in a convenient position within the sustainable working zone, at the level of
the table.

The color of the rollers on the table can affect the ability of the sorters to detect
defects. In general, a neutral gray color is advisable, although both black and white
rollers are used commercially. Highly reflective or white surfaces are not advisable as
this causes eye strain; the eye compensates by reducing the iris so that less light is
received from the fruit. Similarly, glare from fluorescent tubes should be avoided by
locating the luminaries above the workers. The illumination should be uniform across
the table. This is best achieved if fluorescent tubes are mounted at right angles to the
path of the conveyor in a side-to-side table, and at a height of about 1.5 m above the
table (see Fig. 3.15b).

Nicholas [8] recommended minimum light levels of 1000 lux at the table level. How-
ever, this level can cause eye strain if the rollers are white and highly reflective. If a dark
background is used, the lux level can be doubled without causing strain; in this case
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more light is received by the eye from the fruit, so that defect detection should be easier
[9]. If graders are sorting for color, the fluorescent tubes used should not cause changes
to the appearance. In comparison with sunlight, normal “cool white” tubes have a blue
bias, which makes products appear too green to the grader [10].

The “Cascade” sorter design also is used for fruit (see Fig. 3.15c). This has the
advantage that fruit is presented directly in front of the sorter. Only one person is able
to inspect a particular fruit (whereas in the side-to-side design two or three sorters
can inspect each fruit). This increases the responsibility of the sorter but also enables
management to identify sorters who are consistently making errors, so that feedback and
specific corrective training can be given.

Singulating
If fruit are to be sorted according to weight, the singulator separates fruit into pockets

or cups so that each fruit can be weighed independently. The fruit can then be separated
into appropriate sizes by sorting according to the weight recorded for the cup. Various
devices including transfer wheels and expanding belts can be used for singulation.

Sorting into Size Bands
Customer preference internationally is for products that are sorted into sizes, either by

weight or by dimension, according to the shape and regularity of the product. Conformity
of size is particularly desirable for packaging and display purposes. Some fruits and
vegetable cultivars have a consistent shape, so that they can be conveniently weighed
and sorted. The result is a product that is consistent in volume and shape and packs
easily. Electronic or mechanical methods can be used for weighing; shape sorters can be
classified as mechanical or visual.

Electronic Weighing
In the electronic system all fruit are weighed at one point. Data is fed to a computer,

which selects and preprograms the drop point. Fruit may rest on several fingers (rather
than a single cup, as in Fig. 3.16), which are programmed to release the fruit at the
required point, and the fruit rolls off sideways.

Mechanical Weighing
In a mechanical system, each fruit is “weighed” as it passes each exit point. A me-

chanical lever releases the fruit if the weight exceeds the preset trigger level at that point.
Drop points therefore must be arranged along the line in increasing weight, which can
cause logistical problems. Resetting the machine for different weight ranges also can be
a slow process.

Mechanical systems are usually less costly and can be maintained and repaired by
a trained mechanic. However, dust and wear can affect the weighing accuracy, so that
weight bands are generally large. The operator must therefore allow a greater margin for
error to avoid underweight cartons.

Comparison of Electronic and Mechanical Weighing
Compared with mechanical systems, the advantages of electronic systems are that
• The drop position can be selected to suit the shed design.
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Figure 3.16. Single-line side-drop system for apples. This photo also shows
overhead rubber fingers to reduce fruit velocity.

• It is simple to reprogram the system for a different size distribution of fruit (e.g.,
allow two or more drop positions for one fruit size if there is more fruit in that size).

• More accurate weighing can be achieved (most involve several repeats and averag-
ing), reducing weight allowances.

• Faster flow rates are possible.
• Accurate count size records can be made automatically.
• It is possible to reduce the overfill allowance to a minimum.
• There is immediate feedback of performance data.
• The computer system enables other data to be stored at the same time to monitor

performance of the whole shed operation.
• Quality-control problems can be detected rapidly, and rectification of problems is

faster (hence fewer cartons may need to be repacked).
• Maintenance is more straightforward (by replacement of failed components).
Disadvantages are the cost, and the need for specialist computer and electronic service

personnel.
In both systems fruit are dropped at an exit point by a mechanism that releases the

cup so that the fruit falls downwards or sideways onto an exit conveyor belt (Fig. 3.16).
On some machines, fruit fall into paper pulp trays or cartons directly. On others they fall
into a rotating bin, from which they are packed into cartons by hand.

Sorting by Size
Some crops (e.g., tomatoes, carrots) produce inconsistent results if sorted by weight.

Better results are obtained if they are sorted according to shape, using expanding screens
or tapers. Fruit moves through the sorter and passes over or rolls along a continuously
enlarging exit orifice until it is able to fall through into the appropriate container, such
as in Fig. 3.17. In the field, crops also can be sized by eye, or by using a set of rings or
plastic cards of predetermined size.
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Figure 3.17. Size sorting. (a) Variable-aperture mechanical grader. (b) Spinning-fruit
mechanical size grader. (c) Length grader.

Sorting by Image Analysis
Increasingly, image analysis is used to size fruit and vegetables. Cameras take a view

of the product, and according to the algorithm the fruit is sorted according to cross-
sectional area or according to some other shape factor (e.g., length). Other defects can
also be detected (see Section 3.1.4).

Packaging
Once sorted into grades and size, fruit are delivered by conveyer to a packing area.

Here fruit may be held in rotating final size bins until they can be packed by hand into
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Figure 3.17. (Cont.) (d) Diverging roller grader. (Source: unknown)

cartons. Alternatively, if automatic tray fillers are used, fruit fall into a paper pulp tray
directly, and a human packer checks the alignment of the fruit (e.g., the stem position
may be upwards or to one side depending on the cultivar), and does a final brief quality
check for missed defects before placing the loaded tray into a carton. Fruit and vegetables
also may be wrapped individually in foam liners or films before, or instead of, packing
them in a rigid container.

Packaging is a vital product component. It has a major influence on storage life
and on the marketability of the product. Packaging fulfils several functions including
containment, facilitating transportation, protection of fruit from further damage, pro-
tection of the environment from contents of package (for example, if the contents are
dirty), marketing, product advertising, and stock control. These are discussed in Section
3.3.4.

Labeling
A key part of the postharvest process is to ensure that the product is clearly identified.

On the international market, some fresh fruits require considerable detail. This may
include, for example, harvest date, packing date, and name of grower and packer, as
well as details about the cultivar and grade. This information can be critical if quality-
management problems arise in the retail market.

Quality Control
Quality-control checks must be carried out before the fruit leaves the packing shed.

In some industries, marketing organizations approve sheds with certificated inspectors,
which reduces the need for additional checks made later in the chain (by which time
corrective action is costly and difficult).
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Although a check should be made once the fruit has been packed, good quality
management requires that the process be continuous and cover all parts of the chain. Thus
problems can be identified early and corrective action taken. Therefore an important part
of a packing shed is an area set aside for quality-control inspection. This area needs to be
as well lit and designed as the sorting-table area and should be in the center of activities
so that the inspectors have close contact with the workers. However, it should also be
designed so that the inspectors can work without disturbance from other activities.

Palletization
Cartons of fruit are increasingly palletized before distribution. This is discussed in

Section 3.3.4.

Cooling
After packing fruit should be returned to the cool store. Even previously cooled fruit

will have warmed up during sorting and will need recooling. For rapid cooling it is
necessary to place fruit into a precooler for fast cooling to store temperature, before
transferring to the normal coolstore. Precoolers are designed to extract heat as quickly
as possible and desirable by using directed forced air flow through the load to be cooled.
Cool-storage systems are discussed subsequently. Cool stores may be located at the
packing shed or at the distribution point for the region.

Coolstorage
Once at store temperature, fruit and vegetables can be transferred to a larger cool

store. Its function is to maintain rather than reduce the temperature of the product. This
is discussed in Section 3.4.

Loading and Transportation
Finally, product is loaded onto appropriate transportation by forklift truck and trans-

ported to the eventual market destination. This may be days or months after packing.
Although the product usually has been packaged, it is still vulnerable to damage if
subjected to rough rides over a considerable distance. Over long distances refrigerated
vehicles are essential.

Wholesaling and Retailing
For many crops the worst handling takes place in the last part of the chain to the final

consumer. Products are distributed to retailers through wholesale outlets that may not be
suited to long-term storage or handling. Products usually are inspected superficially, and
bulk loads are broken down for shipment to retail outlets. Thus a great deal of handling
is likely to occur under unfavorable conditions. Modern systems require that packaging
be designed with these factors in mind.

The final handling step is to put products on display for the consumer. At this stage
the packaging may be removed or damaged as it is opened. For example, if apples are
tipped out of cartons into retail displays and then allowed to be handled by customers,
the amount of bruising damage becomes extremely high. To overcome this problem,
some products are being marketed in “retail trade display” cartons, which are designed
to fit the space available on the retail shelving. They hold fruit only one or two layers
deep, so that it is not necessary to remove fruit from the packaging.



306 Fruit and Vegetables

Vegetables are generally less sensitive to handling damage, and so rougher handling
seems to be acceptible at this point in the chain. However, moisture loss and product de-
terioration may result, particularly if vegetables are not displayed under appropriate tem-
perature and high-humidity conditions. Much retail shelving includes overhead misting
to maintain product freshness. For optimum product quality the volume of product on dis-
play should be determined to match the demand, so that products only spend a short time
on display before they are purchased. Customers should have a limited selection to reduce
the amount of “picking over.” Shelves then need to be replenished at regular intervals, with
fresh product placed beside or under rather than on top of the older product on display. The
remainder of the stock should be stored in appropriate cool stores at the rear of the shop.

3.3.3 Handling Damage

Most fresh fruit and vegetables are damaged by rough handling. Although standards
are less rigorous for products destined for processing, serious damage is not acceptable,
because this can result in off-flavors or discoloration in canned products. Vegetables
often are susceptible to handling damage, producing effects that are not obvious. Fruit
and vegetables must be handled several times. At each point there is a risk of damage.
Various types of mechanical stressing can occur as listed in Table 3.17. The main concerns
are compression loading under impact and static loading. Rubbing and tensile stresses
are additional problems in a few products.

Types of Handling Damage
Bruising is a well-known type of damage found in fruits and vegetables. A bruise is

an area of damage usually caused by compression or impact. The result of mechanical

Table 3.17. Types of loading and effects on products

Mode of Impact Continuous Vibration Static or Quasistatic Loading
Loading

(Irregular one-time (Similar sinusoidal events
events) repeated regularly over an

extended period of time)
Pulse duration (typically Frequencies from Constant Loading

0.5–10 ms) 0.1–106 Hz

Compression Predominant in all Transportation; Probable All times, especially in storage;
handling systems; cause of damage in some affects some products
major cause of damage crops especially in jumble pack

Tension Blows on sharp edges; Possibly during unloading Rare except in bending
part of fruit tissue part of vibration in elongated products
may be under tension- cycle unknown effects (e.g., carrots); in storage,
carrots and long internal stresses can
products in bending cause cracks and splits

Shear Glancing blows; sharp Rubbing against brushes, In storage; nonnormal
objects causing branches, packaging, loading; especially
cutting; rubbing and other fruit; causes in jumble pack

surface-damage problem will deform soft
in some crops (e.g., products
pears, citrus)
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Table 3.18. Effects of latent damage due to poor handling and postharvest systems

Type of Damage Effects

Bruising Surface discoloration, softening, deformation;
internal breakdown, discoloration, moisture
loss; increased ethylene production

Cuts and punctures Scarring; site of infection for molds;
water loss

Abrasion Skin browning (pears)
Preharvest stress and nutrition problems Browning; internal breakdown
Chilling injury Pitting; internal breakdown;

(too-low storage temperature) incomplete ripening; off flavor; decay (tropical crops)
Heat injury (overheating) Ripening failure (tomatoes)
Anaerobic conditions Internal browning; blackspot

damage is generally to rupture or damage cells. In many fruits (including apples),
polyphenoloxidases oxidize phenolic compounds to unstable quinones, which polymer-
ize as melanic compounds with a high molecular weight, causing browning [11, 12]. The
browning takes a few hours to develop and is then clearly visible in tissue when the fruit
is sectioned, or when the skin is removed. In many fruit crops the damage may be difficult
to see, particularly at the time the damage is done. However, it results in a reduction in
storage life, and loss of eating quality. For example, handling damage to bananas leads
to blackening of the skin and uneven ripening. Uneven ripening also occurs as a result
of rough handling of green tomatoes. During harvesting, kiwifruit appear to be hard and
unlikely to be damaged. However, impact at harvest results in the increased incidence of
soft patches on the fruit in later storage [13]. In peaches, potatoes, tomatoes, and papaya,
bruising damage often is internal (in uniformly textured products this occurs at a depth
of about half the contact radius, at the site of maximum shear stress in compression)
and is not visible from the surface. Bruising of citrus, cherries, and tomatoes can cause
an increase in CO2 emission. Hung [14] has discussed these and other types of latent
damage in fresh products (Table 3.18).

One issue to be considered is the difference between scientifically measurable damage
and damage that is commercially significant. For example, in European onions, impact
damage increases moisture loss, but this is unlikely to concern the consumer. However, it
reduces the total saleable weight and hence affects the return to the grower. At least in the
short term, impact damage does not affect the market price of the product, because the
damage is not apparent. However, in potatoes, internal black spots are produced, and this
may affect future purchasing. Apple bruise size can be determined readily by sectioning to
measure the volume [15]. Most scientists assess bruising in this way. However, industrial
requirements generally are based on the area of the bruise visible before the skin is
removed. In many apple cultivars this is often difficult to determine, particularly if the
threshold bruise area is small. Appropriate bruising assessment methods must take this
into account. This is discussed subsequently.

Measurements of Physical Damage
Where a damaged spot is clearly defined, the volume can be estimated by sectioning

and measurement. At least three alternative expressions have been used.



308 Fruit and Vegetables

Figure 3.18. Model of a bruise or damaged region of fruit (Source: [18, 19]).

Bruise volume has been measured by excavating the bruised tissue and measuring
the mass [16]. However, this method is too time-consuming for practical purposes and
is subject to human error. Normally bruise volume is measured by making a radial cut
through the center of the bruise area, followed by width and depth measurement. Bruise
volume then is calculated by assuming a geometric shape. A number of methods for
calculating bruise volume have been suggested.

Mohsenin [17] defined the bruise volumeVb (m3) based on the assumption that the
shape of the bruise was part of a spheroid. This gives:

Vb = πh(3d2+ 4h2)

24
(3.7)

whereh is the depth of bruise at the center (m), andd the surface diameter of the bruise
(m) (Fig. 3.18).

Equation (3.7) ignores the curvature of the fruit. Holt and Schoorl [18, 19] corrected for
this by assuming that the bruise is spherical above and below the contact plane (volumes
V1 andV2 in Fig. 3.18). The total bruise volume in cubic meters then is given by:

Vb = πh(d2+ 4h2)

24
+ πX(3d2+ 4X2)

24
(3.8)

whereh is the height of the bruise below the contact plane in meters andX is the height
of the bruise above the contact plane in meters and can be calculated from

X = R− R2− d2

4
(3.9)

whereR is the radius of curvature of the fruit in the region of the bruise in m.
A simpler formula is found if the damaged volume is assumed to be a semi-oblate

spheroid [20], for which the bruise volume is given by

Vb = πh d2

6
(3.10)

Except for deep bruises, Eq. (3.10) is a poor representation of bruise shape.
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Sometimes fruit damage appears as a region below an undamaged region of tissue.
In this case, the damaged area can be calculated by subtracting the undamaged region.

Commercially significant damage affects the quality (and hence the price) of the fruit.
Because quality involves meeting the requirements of a discerning customer [21, 22],
ultimately it is the perception and assessment of the damage by the customer that is
the dominant factor. Currently, with the exception of the person who eventually eats
the fruit, most judgments of damage are based on visual perception, sometimes com-
bined with feeling fruit to detect soft patches, but without internal incision. Thus, al-
though in a laboratory it is easy to measure the damaged volume of tissue after re-
moval of skin, industry requirements generally are based on the visible surface size of
a bruised or damaged region before the skin is removed. Often bruises can be sensed
by humans through observing irregularities in the surface reflection pattern of light
from a bright light source, rather than from a color change. In many products the per-
ceived area of damage is difficult to determine, particularly if the threshold bruise area
is small.

For many products, measurement of the extent of damage can be difficult. If a volume
or area measurement is not obvious, then the experimenter may need to resort to a suitable
scale to indicate the severity of damage. If different types of damage occur, alternative
criteria to describe damage quantitatively are required. For some crops (e.g., tomatoes),
damage scales can be developed based on the type and visibility of damage, rather than
the size of the damage area. The scale should involve damage descriptions and preferably
photographs of typical fruit exhibiting the level of damage representing each level on
the scale.

Damage-Measurement Parameters
Holt and Schoorl [18] demonstrated that bruise volume in apples is related to the

energy absorbed by the apples in both impact and slow (quasistatic) loading. In an
impact the absorbed energy can be determined if the impact and rebound energies are
known, and if there are no other energy absorbtion mechanisms. In general

Eabs= E0− EReb− E′ (3.11)

whereEabs, E0, EReb, andE′ refer to the absorbed, initial, and rebound energies, respec-
tively (J), andE′ includes any other energy-absorbing mechanisms, such as cushioning
or vibration of supports and pendulum arms.

In slow loading conditions, the energy absorbed is the strain energy of the loading
[18, 19]. This is given by

Eabs=
∮

Vsσ dε (3.12)

whereσ andε are the stress (Pa) and strain (m/m) from the loading cycle, andVs is the
volume of the compression test sample (m3).

In most products the bruise volume depends on the rate of loading. Greater damage
is done by the same absorbed energy if products are loaded slowly. Even so, impact
loading is more likely to be the cause of bruising in fruits and some vegetables, because
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dynamic loading is more frequent during the lifetime of the fruit, and the impact forces
are much higher if the product is firm. This is illustrated in a subsequent subsection.

The bruise susceptibility of a product,B (in m3/J), can be defined by the equation:

Vb = BEabs (3.13)

Schoorl and Holt [19] calledB thebruise resistance. However, this is not appropriate,
because the bruise volume increases as the bruise resistance increases, and therefore the
termbruise susceptibilityis preferred.

Equation (3.13) works fairly well at high energy levels and is useful in studying
damage to apples and other fruit and vegetables during transportation in cartons [23].
However, it does not consider the surface area of the bruise and does not indicate bruise
initiation at low energy levels, or even what the threshold bruising levels may be. Also, in
practice, absorbed energy is affected by the mechanical properties of the product (hence
making it a model output rather than input), and the parameter is of little importance
to the industry, because fruit are subjected to fixed drop heights during handling. Thus,
impact energy is a more useful factor, although there are difficulties with this parameter
(as discussed subsequently).

The requirement for surface area data can be overcome by introducing the termbruise-
area susceptibility(BAS , in m2/J2/3) [24]. A further modification is to replaceEabsin Eq.
(2.13) with the impact energy (E), so that the bruise surface area (A) can be written as:

A = BAS · E2/3 (3.14)

where the power term inE is based on the assumption that bruises are geometrically
similar in three dimensions. Equation (3.14) is a more useful version of Eq. (3.13) but
is less rigorous scientifically. Problems with Eq. (3.14) can arise because other factors
affect the bruise surface area (as is discussed in the next subsection).

Siyamiet al. [25] obtained a reasonable prediction of bruise surface area of apples
by using an empirical linear-regression model of the acceleration and velocity change
measured with force transducers, together with penetrometer force and diameter. Other
models have included a probability model to describe the threshold of bruising [26] and
a cell-failure model [27]. These, and Eqs. (3.7) through (3.13), can be used for firm fruit
and vegetables.

Factors Affecting Damage

Indenter Shape
Bruise susceptibility in apples and pears is affected by indenter shape [28, 29]. Higher

bruise volumes are recorded if the radius of curvature or contact angle of the side of the
indenter is increased. This affects the bruise surface area susceptibility appreciably.

Product Size and Curvature
Various attempts have been made to develop models to predict the bruise surface

area from other parameters. The theory of elasticity has been used to predict the area
of contact between two elastic curved surfaces [30]. The bruise surface area is usually
similar to the contact area, depending on the nature of the impact.
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In dynamic situations, mass is a factor in the extent of bruising, because impact energy
is proportional to mass. However, mass is not likely to affect bruise susceptibility, unless
larger fruit differ in mechanical and chemical composition compared with smaller fruit.
Mass effects can be confused with maturity effects, because more mature fruit and
vegetables also may tend to be larger if they have been allowed more time to grow.

Bruise Color and Visibility
The chemical reaction causing bruising depends on the level of phenolic compounds

in the tissue, and the availability of oxygen. There is some evidence to suggest that the
extent of browning may depend on preharvest factors [31] as well as cultivar effects.
Bruise visibility may be affected by the optical transmissivity of the skin and by skin
pigmentation and it may decrease with time.

A model may be defined in terms of the commercial bruise susceptibility (BCS in
m2/J2/3) [32]:

BCS= f (BP) · BAS (3.15)

whereBP is a bruise visibility factor, and

BAS = f (cell wall strength)· f (turgor pressure)· f (fruit geometry) (3.16)

Weight Loss in Storage
Moisture loss in storage reduces the bruise threshold of apples [33, 34]. This suggests

that controlled water loss may help to reduce handling damage in fresh fruit.

Threshold of Bruising
Studies of apples often involve high-impact energies above 0.1 J, so that bruises are

clearly visible. However, the threshold of visible damage, rather than the onset and extent
of subsurface damage, is important to the industry. Probability models have been used
to define the onset of bruising in apples [34]. Another approach is to drop fruit from a
geometric progression of heights using a pendulum system. After each impact fruit are
inspected and rated according to the appearance of bruises. Experiments have shown that
this approach gives results that can be related to bruising levels found commercially [24].

For other fruits and vegetables similar results are likely. It is therefore important that
product testing conditions are designed to measure factors that are important for the
particular product. For example, a rotating drum system has been developed to represent
grader loading [35].

There are many factors that can alter the amount of impact damage to products.
These are listed in Table 3.19. Important information for fruit and vegetables should
include guidance on effects of temperature, maturity at harvest, and storage time on
damage levels. These are discussed further subsequently. Seasonal and cultivar effects
also should be understood. The effects of preharvest and postharvest factors on bruising
in apples are listed in Table 3.20. Bruise susceptibilities for various apple cultivars are
given in Table 3.21.

It is helpful to use a scientific approach to the study of damage, by considering the
mechanical theory of damage.
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Table 3.19. Factors affecting damage in fruit and vegetables

Environmental Whole-Fruit
Factors Factors Internal Factors

Temperature Cultivar Cell wall strength
Stress loading rate Density Cell wall elasticity
Indenter shape Mass Cell shape, size and

(sphere, flat, cylinder) Volume orientation
Energy (drop height) Maturity Intracellular bonding
Storage conditions Product Turgor
Repeated loading structure Internal structure
Preharvest and Chemical Air space volume

postharvest treatments composition and air distribution
Customer perceptions Damage Surface curvature

of damage visibility Skin strength

Source: [36].

Table 3.20. Effects of factors damaging apples

Factors affecting apples Effect

Preharvest
Irrigation Slightly increased bruise susceptibility
Mineral nutrition (calcium No effects found

and phosphorus sprays)
Time of day of harvest Slightly less bruising in midmorning and

early afternoon, compared with early morning
Postharvest

Delay after harvest before Large reduction (20%) in bruising after 24 hours
cooling/handling

Fruit temperature during grading More damage if graded cool
Relative humidity in storage More damage in fruit stored at high humidity

Source: [36].

Mechanics of Fruit Movement
Newton’s laws of motion can be used to describe the movement of fruit and vegetables,

and to model impacts against other objects. Thus,

E = M ·U2

2
= Mg · H (3.17)

whereE is the impact energy (J),M is the mass (kg),U is the impact velocity (m/s),
g is 9.81 m· s−2, and H is the effective free-fall drop height. Energy is conserved in
every impact but may be converted to other forms such as damage, sound, heat, or plastic
deformation.

In a rotating object (e.g., a fruit rolling down a slope) energy is associated with the
rotation of the fruit. This is given by

ER = I · Q2

2
(3.18)
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Table 3.21. Reported range of bruise susceptibilities of
apples cultivars

Bruise
Test Energy Susceptibility

Cultivar (J) (mL/J)

Splendour
Fresh 0.31 2.9
Stored, low humidity 0.31 2.2
Stored, high humidity 0.31 3.3

Splendoura 0.1–0.6 3.0
Braeburn

Fresh 0.31 1.7
Stored, low humidity 0.31 1.6
Stored, high humidity 0.31 2.0

Granny Smith
Fresh 0.31 2.5
Stored, high humidity 0.31 2.9

Granny Smitha 0.78 7.6–9.2b

Golden Deliciousa 0.009–0.49 0.9–9.8
Golden Deliciousa 0.47 4.3–6.6
Golden Delicious (late)a 0.047–0.42 2.6
Bramley’s Seedlinga 0.19 3.0–4.1
McIntosha 0.009–0.49 1.5–10.8

Sources: [34] except as marked.
a Data from various studies reported by Lincoln Technol-

ogy (New Zealand).
b Based on absorbed energy; others based on total energy.

whereER is rotational energy (J),Q is angular rotation in radians per second, andI is
the moment of inertia (kg·m2), which for a spherical object of radiusr (m) is given by

I = 7 · M · r 2

5
(rolling) (3.19)

I = 2 · M · r 2

5
(spinning about center). (3.20)

The momentumT (N · s) of an object with velocityU (m/s) is given by:

T = M ·U (3.21)

In an impact momentum is always conserved (this is a very helpful fact for predicting
dynamic movement after a collision).

Quasistatic Loading
Under slow loading conditions the behavior of most fruit and vegetables is nonelastic.

Energy absorbed during a loading cycle can be determined from the area enclosed by
the stress–strain curve and is given by Eq. (3.12). This represents the hysteresis in the
loading and unloading cycle. In many fruits the absorbed energy is related to the level
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of damage to the tissue, unless other mechanisms are acting that do not cause damage
[21]. These could include permanent deformation without cell damage. Providing the
relationship between stress (σ ) and strain (ε) is known, this can be calculated. However,
the relationship is complex. A number of models have been used to describe it, including
the Maxwell and Kelvin models and their derivatives [17].

Analysis of Compression Loading
A starting point for estimation of fruit damage during handling is Hertz’s general

theory of the elastic contact of two curved surfaces [30]. The radius of the contact area
between two spheres is given by:

a = 3

√
3 · π · F · R · k

4
(3.22)

where

k = 1− ν2
1

π · Y1
+ 1− ν2

2

π · Y2
(3.23)

and
1

R
= 1

R1
+ 1

R2
(3.24)

whereR is the relative radius of curvature of the two surfaces (m),R1 andR2 are the radii
of curvature of the two surfaces in the contact area (m),Y is the modulus of elasticity
(Pa),ν is the Poisson’s ratio of the material,F is the applied force (N), and the subscripts
1 and 2 refer to the two objects. Values ofY andν for fruits are given in Table 3.A4 in
the Appendix.

The analysis is valid only if the fruit behaves perfectly elastically. Fruits are generally
viscoelastic in behavior, but in an impact (at least up to the point of tissue failure), the
elastic model is useful for predicting the contact area. This enables a calculation of the
size of the damaged area, because the two are closely related. In quasistatic loading,
stress relaxation is likely to occur, and so the elastic model is not particularly helpful.
Modified formula have been developed to allow for viscous effects [25]. If the surfaces
are not spherical a small correction is needed [17], but within experimental error this
usually can be ignored. An effective radius of curvature can be found if the radii of
curvature (R1A and R1B in meters) in two orthogonal directions are measured, and the
equivalent curvature determined from

1

R1
= 1

R1A
+ 1

R1B
(3.25)

with a similar formula forR2. For a more precise analysis see Table 3.A2 in the Appendix.

Impact Loading
Impact mechanics provides a simple explanation of fruit damage. Newton’s second

law can be written as

F = M · du

dt
(3.26)
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whereM is the mass (kg),t is time (s), andu is the velocity (m/s) of an object striking
a rigid object. Integrating gives∫

F · dt = M (U ′ −U ) (3.27)

whereU is the initial velocity andU ′ is the velocity after impact (m/s). The right-hand
side of Eq. (3.27) is the momentum change, and the left-hand side is the area under
the force–time curve for the impact, known as theimpulse. If a fruit strikes an object,
its velocity must be changed to arrest its movement, and so the momentum change is
determined by the geometrical constraints and the path of movement of the fruit. The
extent to which the fruit rebounds depends on the level of elasticity of the impact (i.e.,
the loss of energy). A useful parameter to determine this is the coefficient of restitution,
e, defined by

e= velocity of separation

velocity of approach
(3.28)

where 0≤e≤1. For a perfectly elastic impacte = 1, and the kinetic energy is con-
served. The value ofe depends on the two surfaces in contact, and the severity of the
impact. In apples values range from 0.9 for very gentle impacts to 0.4 or less for im-
pacts in which considerable damage is done. For two different materialse is given by
[17]

e12 = e11Y2+ e22Y1

Y1+ Y2
(3.29)

wheree11 refers to the first material striking itself,Y is the elastic modulus (Pa), and the
subscripts refer to the first and second materials.

When two finite masses impact, the kinetic energy loss (J) is given by

1E = (1− e2)M1M2(U1−U2)2

2(M1+ M2)
(3.30)

where the subscripts refer to the first and second masses (kg) [17].
Oncee is fixed, the total momentum change is determined, and so is the total impulse.

However, bothF andt depend on the surfaces. The area under the curve depends on the
nature of the surfaces and their curvature in the impact area, as well as the kinetic energy
of the impact. In an impact the total time of the impact can be very small, soF must be
correspondingly larger. Soft surfaces that cushion the impact are effective because they
increase the duration of contact. Figure 3.19 shows examples of idealized impulses for
various impacts of a sphere onto a flat surface.

In Fig. 3.19a both curves are symmetrical and the impact is perfectly elastic—that
is, the sphere rebounds at the same speed with which it struck (e= 1). In Fig. 3.19b, in
the curve with 0< e< 1, there is some nonelastic behavior. The peak may be flattened
or irregular and extended. The pulse is no longer symmetrical, and the rebound speed
is less than the impact speed. The peak force recorded may not coincide with the point
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Figure 3.19. Schematic force–time curves for impacts. (a) Typical
impact curves for fruit or vegetable striking hard and soft surfaces

with a high coefficient of restitution. (b) Impacts with various
coefficients of restitution.

of closest approach in this case, because the fruit structure may collapse so that the load
falls with continuing penetration. Ife= 0, there is no rebound.

In practice, if a firm fruit strikes a hard surface,F can be surprisingly large. For
example, the force produced when a 100-g apple falls 200 mm onto a hard surface can
be of the order of 200 to 500 N. The force can be reduced greatly by extending the
duration of the impact (by cushioning) as in Fig. 3.19a.

However, tissue damage is caused by excessive stress, and so if the contacting surfaces
conform closely, the fruit need not be damaged even though the force is high. From Eq.
(3.21) elasticity theory predicts that the maximum force is given by

F = n · x3/2 (3.31)

The duration of the impact is given by

t = 2.94x

U
(3.32)
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wherex is the distance of closest approach (m) given by

x =
(

5 M U2

4 n

)2/5

(3.33)

and where

1

M
= 1

M1
+ 1

M2
(3.34)

and

n = 4R1/2

3πk
(3.35)

wherek is a constant given by Eq. (3.23),M is mass dropped (kg),H is drop height (m),
Y is Young’s modulus (Pa), andR is the effective radius of curvature (m). Thus, from
Eqs. (3.31) through (3.35)

F =
(

125RM3U6

36π2k2

)1/5

(3.36)

a = 1.24(R2MU2k)1/5 (3.37)

wherea is the contact radius (m). The maximum pressure on the contact area is at the
center of contact and is given by

Pmax= 1.5P = 0.2515

(
U2M

k4R3

)1/5

(3.38)

Despite its assumptions, the model predicts the contact area surprisingly well, to
within 15%. As an example, the following results arise from the formulae for an apple
(mass 200 g, radius 80 mm, withY = 9.1 MPa,ν = 0.3) striking a steel plate (Y = 200
GPa,ν = 0.3) from a drop height of 300 mm

U =2.425 m/s Area=394 mm2

F =469 N Pmax=1.79 MPa
a=11.2 mm t =3.80 ms

According to elasticity theory, failure occurs at a pressure of 1.06σY, whereσY is the
yield stress measured in a compression test on a cylindrical sample of tissue [37]. Failure
occurs below the surface at a depth of half the contact diameter and arises at this point
because of the hydrostatic nature of the stress field immediately below the indenter, and
the resulting complexity of the shear stress distribution.

Other attempts have been made to correct for viscous effects, but with little im-
provement to the accuracy of the model. For example, Siyamiet al. [25] suggested
modifications to the basic model to allow for viscoelastic effects, obtaining

a = K1 · (H · M · R)1/4 · F1/4
m (3.39)

whereFm is the Magness Taylor penetrometer force (N) andK1 is a constant. Equation
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(3.39) gives only a slightly better correlation than the elasticity model (Eq. [3.37]) for
apples.

These models demonstrate that the diameter or relative radius of curvature of the fruit
and the impacting surface have a significant effect on the bruise surface area, even if
there is no effect on the bruise susceptibility (which appears to be the case in apples
[38]). This has implications for the commercial assessment of bruising.

Impact Energy
Many researchers report impact energy rather than absorbed energy. This is partly

driven by pragmatism, because the design of handling-equipment systems requires the
specification of acceptible drop heights for fruit. These are determined from maximum
velocity and thus kinetic energy considerations. In addition, some experimental designs
render absorbed energy unmeasurable (e.g., where a sphere is dropped down a plastic
tube [35]). Unfortunately, impact energy is ambiguous in two-body impacts, because it
depends on the frame of reference of the observer, as a simple example shows: If two
apples of the same massM kg impact at a relative speed ofu m/s, the impact energy is 0.5
M ·u2, but if both apples are viewed as moving towards each other with velocityu/2, the
impact energy in this reference frame is only 0.25M ·u2. In cases in which one object is
regarded as being infinitely massive, the ambiguity is removed, but in cases in which the
colliding surfaces are of similar mass (especially in the case of apple-to-apple impact),
the practice of determining the kinetic energy as if only one object is moving leads to
inconsistencies. A more suitable reference frame in these cases is the zero-momentum
reference frame defined by6(M · u) = 0. Use of this frame results in the impact energy
being a minimum. If absorbed energy is used, the inconsistency is removed, because its
value is independent of the reference frame.

3.3.4 Packaging

Packaging is needed for fresh fruit products throughout the postharvest chain. The
producer must use some means to get bulk product to market, while the consumer must
be able to carry fruit home without serious damage. Packages can be in a range of sizes.
For a single person, a package weighing up to 20 kg is easy to handle. Larger packages
can be carried, with some effort, up to around 40 kg, and in some markets even packages
of 100 kg or more are carried by hand. In less developed countries more fruit is handled
unpackaged on local markets (e.g., pineapple, cucumber, banana hands), but export fruit
usually requires packaging.

Although some fresh products (e.g., squash, pumpkins, oranges, potatoes) are trans-
ported to market in bulk, this practice inevitably causes some damage. A range of pack-
aging systems are used for fresh fruit and vegetables.

Because fresh produce is alive, it is essential that the microenvironment around the
product is suitable. Ventilation is needed to remove heat and maintain oxygen levels
as carbon dioxide is generated through respiration. Thus, ventilation holes must be
provided in cartons. If cartons are stacked on pallets, ventilation pathways should not be
obstructed. This requires stacking on the pallet to allow for airflow between cartons, or
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careful design of the positioning of the air vents so that they line up under all stacking
configurations.

Unfortunately, products also lose water during storage. This results in a loss in product
mass, and sometimes shriveling. Packaging (especially plastic films) can be used to
reduce this problem. A balance is required that allows for some gas transfer but reduces
water loss to an acceptable level. The balance also may vary among cultivars.

Purposes of Packaging
There are four key purposes of packaging, as shown in the following subsections.

Containment
This is the basic function of packaging. The product must be contained so that it

can be transported as required. Failure to contain the product leads to loss, damage, and
pollution of the environment.

Protection
This is especially important for perishable and easily damaged products. The product

must be protected from environmental effects, including water, undesirable moisture
vapor, odors, microorganisms, dust, shock, vibration, and compression. The package
also helps to reduce the risk of theft, willful damage, and contamination.

Apportionment and Convenience
The package enables the product to be divided up into convenient quantities so that

it can be transported easily and distributed in sizes that suit the retailer or consumer. For
long-distance transportation the primary packages must be designed so that they can be
unitized, that is, grouped together so they can be transported as a single item such as a
pallet load.

Communication
The package also must provide information about its contents. The package provides

the ideal place to give the information needed for good quality management, with details
about the crop, including variety, quantity of fruit, harvest date, origin, storage require-
ments, and grower identification. It can be also used for marketing purposes (‘a package
must protect what it sells and sell what it protects’).

Containment: Types of Packing Configuration
Fruit can be arranged into cartons in various ways (see Fig. 3.19). Factors that should

be considered include cost, need for atmospheric control or modification, need for pro-
tection from compression, impact or rubbing damage, and market and shipping size
requirements.

Individual Wrappings
Fruit may be individually wrapped in tissue paper. The purpose is to protect the fruit

during transportation (especially if the product is prone to rubbing damage), to provide an
attractive look to the product, to control the atmosphere around the fruit (moisture, carbon
dioxide, and oxygen) and possibly to provide a source of fungicide to reduce postharvest
disorders, by impregnating the tissue with a suitable chemical (e.g., diphenyl for citrus).
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Jumble Packing
The most common packaging worldwide is probably the jumble pack, in which fruit

are placed inside a container at random without intervening cushioning material. This
package is the simplest and least costly, in terms of material requirements and packing
effort. However, it offers little protection to the product during transportation, and so
damage levels can be high.

The container may be a cardboard carton, a sack, a plastic bag, or a traditional container
woven from local materials. The features of this style of packaging are
• Simplicity
• Low cost
• Easy filling
• Low packing density
• Little protection for product from impact and compression
• Unattractive appearance to consumer
• Product normally measured by weight
• Readily handles odd-shaped and mixed-sized products
• Settling during transportation
Smaller fruits, such as strawberries and cherries, are usually jumble-packed. Although

this may be acceptable for low-value products for the local market, it is not well suited
to larger-sized high-value products destined for distant markets, especially if they are
susceptible to mechanical damage.

Pattern Packs
For higher-valued produce, pattern packing systems should be considered. The prod-

uct is placed in a regular configuration and is likely to have protective packaging to
separate it from other fruit and provide the regular placement pattern. For products that
have been sized and have a regular shape, fruit tray packs provide good positioning and
protection. Each tray is shaped to contain an array of pockets, so that one fruit fits in
each pocket. The next tray is placed on top, so that the fruit is positioned in a pocket
formed by the underside of the upper tray. Fruit are therefore separated from fruit in the
layer above and prevented from moving sideways to contact other fruit in the same layer.
Trays can be made from paper pulp, plastic, or expanded foam (Fig. 3.20a).

There are two distinct types of tray. In the design shown in Fig. 3.20a, the product
supports the tray above. Depending on the design of the carton, the product also may
support some of the weight of the cartons stacked on top (the pressure pack).

These packs are suitable for apples and pears. Two stacking arrangements are possible:
an in-line arrangement (Fig. 3.20a), which results in each fruit being supported by only
two fruit; and the face-centered cubic arrangement, in which each fruit is supported by
four fruit (Fig. 3.21). The latter tray design provides cushioning through a “hammock”
effect (Fig. 3.22).

Alternatively, the peg type is designed so that the product carries no load. Between
each fruit the tray forms a column, which supports the tray above (see Fig. 3.20b). The
product is free to move within the pocket. If transportation involves significant vibration
the product may be damaged by rubbing (causing skin blemishes) or bruising.
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(a)

(b)

Figure 3.20. Packaging. (a) Pressure-pack tray system. (b) Peg-type tray
system (from [39]).

Paper pulp trays and expanded foam trays provide a significant cushioning effect to
reduce impact damage [40]. Paper pulp readily absorbs moisture and helps to remove
excess water from around the fruit. This softens the tray so that it molds more closely
around the fruit.

Theoretical analyses, based on crystallography, give the maximum number of objects
that can be put into a finite-sized container. Practical results depend upon the shape
and uniformity of the product. Many products are spheroidal in shape (i.e., they have a
circular cross-section in at least one plane, while in the other two orthogonal planes the
cross-sections may be elliptical). Peleg [39] discussed the packing properties of identical
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Figure 3.21. Plan of a face-centered cubic pattern pack of spheres. Open
circles indicate spheres in bottom layer; closed circles indicate spheres

in second layer. (Source: [39])

Figure 3.22. The “hammock” principle.
The tray directs pressure downwards and
away from the product, as shown by the

broken lines. (Keyes Fiber Co., from [39])

spheroids. A key factor is the packing density, which is the ratio of the volume occupied
by the fruit to the total volume of the package. Its value depends on the arrangement of
the spheroids. The maximum value for an array of equal-sized spheres in an infinitely
large box is 0.74. This occurs when the spheres are arranged in a face-centered cubic.
In this arrangement, every sphere touches its 12 nearest neighbors, and the distance
to the center of the next nearest nontouching sphere is 1.41 diameters. For finite-sized
containers (with between 50 and 300 fruit) the maximum value ofS is between 0.55 and
0.68. These values allow for space lost at the sides of the container.
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Cell Packs
Each layer of a cell pack consists of pockets formed by vertical sheets of packaging

material that separate the fruit. The sheets can form a square arrangement using straight
pieces of interlocking cardboard, or a hexagonal honeycomb pack can be used in which
the walls are formed from expanded paper honeycomb stock. For some fruits the cells
can be arranged in a triangular pattern to suit the shape of the product. Plain paper or
cardboard sheets separate each vertical layer in the container. The vertical walls can
carry some stacking load, and so the cartons can be relatively inexpensive.

Protection
Shock, vibration, and static compression are the three loading situations that can cause

damage to produce.

Shock
Studies of transportation systems have shown that packages receive many small shocks

but few large shocks. Smaller packages tend to receive a greater number of large impacts
(Fig. 3.23).

Handholds in the side of cartons reduce drop heights. Cautionary “fragile” labels
appear to have only a small effect on the amount of mishandling a package receives.
Cushioning against shock is an important function of packaging material. Cushioning
aims to reduce the impact load by spreading the deceleration over a longer time period,
keeping theg value (1g=acceleration due to gravity=9.8 m s−2) of the deceleration
below the level at which the product will be damaged [41]. Ideally, the packaging ma-
terial needs to be thick enough to recude the velocity to zero without bottoming out

Figure 3.23. Drop-height probability curves. These are based on
experimental observation. The curves flatten out as mechanical

handling systems predominate. (Source: [41])
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Table 3.22. Cushioning values

Typical Maximum
Density Cushion Static Stress

Material (kg/m3) Factor C (m/s2) (kPa)

Flexible urethane foama 30 2.2 1.5
Expanded polyethylene 45 2.6 10.8
Expanded polystyrene 16 3.1 13.7
Expanded polyethylene 37 3.2 66.9
Expanded ethylene vinyl acetate 50 3.5 3.9
Bonded polyurethane chipfoam 64 3.0 1.8
Bonded polyurethane chipfoam 96 3.0 2.5
Bonded polyurethane chipfoam 144 3.7 5.9
Bonded polyurethane chipfoam 192 4.1 9.8
Rubberized hair 32 3.2 1.0
Orientated rubberized hair: style CA 96 2.4 9.8
Orientated rubberized hair: style CA 64 2.5 6.9
Orientated rubberized hair: style CA/CA 96 2.6 11.8
Plain rubberized hair 64 3.6 1.5
Plain rubberized hair 96 4.3 2.9

Source: [42].
a Likely to be more variable in performance than other materials listed.

(i.e., penetrating the cushioning layer). In theory, it is simple to calculate the thickness
required. However, in practice, a thicker layer is necessary. Cushioning materials can be
classified by a cushioning factorC (m/s2), defined by:

C = L · G/H (3.40)

where L is the required thickness of the cushioning material (m),G is the fragility
factor of the product (theg value for failure) in meters per second squared, andH is
the drop height (m). Cushioning values are listed in Table 3.22 [42]. Cushioning curves
are preferred for cushioning calculations (Fig. 3.24). To use these the peak deceleration
is required. The curve that crosses this value twice gives the thickness and range of
acceptable static loads that can be supported (e.g., in Fig. 3.24, at 30 g, 75 mm thick
material is acceptable from 500 to 2600 Pa). However, the optimum at the minimum of
the curve is marked by the dotted line (1500 Pa).

Vibration
Vibrations up to 100 Hz can cause problems, particularly for fruit that has no pack-

aging protection. Vibrations occur, in particular, during road shipment (Fig. 3.25). On
trucks and trailers, air-suspension systems are generally preferable to spring-leaf suspen-
sions. Resonance problems also can cause major difficulties. For very delicate products,
packaging may need to be designed to avoid stack resonance conditions. Usually this
is not a serious concern for fresh produce, but it might be for long-term low-frequency
vibrations in ship holds.
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Figure 3.24. An example of a dynamic cushioning curve. (Source: [41]).

Static Compression
It is likely that product will be stacked for transportation and storage. The stack height

usually is limited only by the space available, unless clear stack-height limits are set by
the industry. For some fruits (e.g., apples) the package can be designed to allow the fruit
to support a significant part of the static stacking load without damage to the product
(impact loads during handling are much greater than the static compression forces).

However, problems can arise in cool stores, especially if the humidity is high, as
cardboard loses strength as it absorbs moisture. The design strength also is reduced if
the stack is not packed with the sides in perfect alignment (Fig. 3.26 and 3.27). Standard
design procedure is to halve the design strength of corrugated cardboard cartons for non-
perfect stacking arrangements, halve it again after 12 months of cool storage, and halve it
again in high humidity conditions (90%). The carton strength (CST) is determined from:

CST = CSL KRH KT KSP (3.41)

whereCSL is the strength measured at 23◦C and 50% relative humidity, andKRH, KT,
andKSP are the relative humidity, time, and stacking factor corrections given in Tables
3.23 and 3.24. Handholds also reduce the strength of packages by as much as 20%.

If cartons are stacked too high, or in an irregular style so that the corners do not line
up properly, carton failure may cause the stack to lean or topple, resulting in excessive
damage to the product. In some cool stores, timber props are used to provide additional
carrying support for multiple layers of pallets. Problems also can occur if cartons are
overfilled, or if the fruit is not sufficiently protected with cushioning between each fruit.

On pallets, the strength of the cartons are substantially reduced if the cartons are
not stacked carefully, or if one pallet is stacked on another incorrectly (see Fig. 3.26;
Table 3.24).
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Figure 3.25. Typical sources of vehicle bed vibrations. (Source: [41])
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Figure 3.26. Effect of overhang on compression stack strength
(see Table 3.23). (Source: [41])

Figure 3.27. A typical pallet of cartons (Enzafruit). The
bottom three rows are “perfectly” stacked to give maximum

strength (see Table 3.22).
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Table 3.23. Strength-correction factors for corrugated boxes (changes from values
at 50% humidity, 23◦C)

Load Duration K T (%) Relative Humidity KRH (%) Alignment KSP (%)

Short-term 100 Dry 125 Perfect 100
10 d 65 25 110 Offset 50
30 d 60 50 100
100 d 55 75 80
365 d 50 85 60

90 50

Source: ASTM D-642 (see [41]).

Table 3.24. Effect of overhang on
compression stack strength

Amount of Overhang (mm) Loss (%)

25 on one side 14–34
50 on one side 22–43
25 on one end 4–28
50 on one end 9–46
25 on one side and one end 27–43
50 on one side and one end 34–46

Apportionment, Convenience, and Labeling of Cartons
After primary packaging is completed, produce is unitized into containers that can

be handled conveniently. Cardboard cartons with a maximum weight of up to 20 kg
are common for many fruit. However, in some markets smaller weights are preferred.
A carton can be labeled conveniently to identify the product and is easy to stack. The
carton can be used for the entire postharvest chain, at least to the retailer. The carton can
be printed with marketing slogans and other information. The dimensions of the carton
should be such that it fits a standard pallet.

With the advent of supermarket chains, carton sizes need to be selected to suit the
display requirements of the retailer. Typically, a retail display pack for the European
market measures 600 by 400 mm and is no more than 150 mm high with one or two
layers of fruit. Cartons of this size fit exactly into the display stands of many major
supermarkets and can be fitted onto a standard pallet.

The design of tray packs requires careful thought. Trays should be designed to suit
the particular product, and different designs are required to accommodate the range
of product sizes normally encountered. On the international market, standardization of
package sizes and palletization place limits on the acceptable sizes and dimensions of
cartons. It is difficult to optimize the design of cartons to provide one size of a fixed
weight for a range of fruit sizes. In practice standard configurations can be developed,
giving a limited set of fruit sizes. Cartons may then be identified by the number of fruit
contained. Thus a count-100 carton represents a carton containing 100 fruit. Examples
of carton layouts are shown in Fig. 3.20.
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Carton designs vary. Common options for fruit include the standard slotted container
(in which the lid is made up of four flaps attached to the sides which fold over), the
telescopic carton (in which the lid is a separate box that completely encloses the sides
of the carton), or combinations of timber and cardboard. Telescopic designs are suitable
for long-term storage. Some retail display cartons are designed to be without a lid. The
cover is provided by the base of the carton on top of the pallet. These designs require
lugs on the sides to ensure that they are accurately located over the walls of the lower
carton, and to eliminate sideways movement.

Cartons also can be designed to accept bags of fruit for unitization purposes. These
secondary packages may be large enough to sit on a whole pallet. Cell dividers can be
used to separate individual bags of fruit.

Palletization
Increasingly, palletization is being used to simplify international handling systems.

Cartons are loaded onto wooden pallets that consist of a raised flat base designed to allow
the forks of a forklift truck to slide underneath for easy lifting and moving. Product must
be shipped on standard-sized pallets, which are designed to fit into ship and aircraft
holds, as well as in road and rail systems. The European standard is 1200 by 1000 mm.
Ship cargo holds limit the height of a full pallet to 2.2 m, so the carton dimensions are
limited to set multiples, unless the shipper is prepared to accept wasted cargo space. A
carton with outer dimensions 499 by 329 mm and 285 mm high can stack seven layers
high on a pallet in the form shown in Fig. 3.27. However, stacking cardboard cartons to
the full height of the hold is only possible if the carton is designed to withstand the loads
under high-humidity and low-temperature conditions, and if the cartons are properly
packed so that the sides are well supported.

Pallets of cartons are assembled at the packing shed, and the pallet load may then
receive additional packaging in the form of plastic shrink wrapping, banding, or edge
strengtheners. The product is handled in this form at least as far as the wholesale market.

3.3.5 Reducing Handling Damage in the Postharvest Chain

Every stage in a handling chain is a risk area for product damage. Good design,
coupled with regular maintenance of equipment, helps to reduce problems. In addition,
good management, staff training, and the adoption of procedures to minimize the risk of
damage are vital.

System and Machinery Design to Reduce Damage
All fruit- and vegetable-handling equipment should be designed to minimise damage.

Machinery must be designed to avoid blockage or build-up of product. This requires that
each section of a grading machine be designed to match the other components. The
flowrate of product through a machine is a critical variable. This should be adjusted to
suit the product so that damage is minimized.

It is particularly important to avoid high impact loads, particularly against other
product. Long drops and chutes should be avoided. If changes in height must be built into
a grading machine, product velocity-control or velocity-reduction systems are needed,
especially if the product rolls easily (e.g., Fig. 3.16). This can be achieved by hanging
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flaps over chutes, but these tend to cause blockages if product size and shape vary.
Pockets on transfer conveyers are a more positive system. Horizontal product transfer
can be facilitated with power-driven overhead brushes, which sweep the product gently
at a controlled speed in the desired direction.

Conveying machines to fill large bins are available commercially. These are designed
so that the product is transported to the chute outlet at a controlled rate and delivered
just above the product already in the bin. The chutes on these machines move sideways
so that filling is even across the bin.

Machinery Maintenance
Handling and grading equipment can cause significant damage if it is not maintained

properly. The most common deficiencies are wear of cushioning materials at critical
points and timing faults at transfer points between one component of a machine and an-
other. Cushioning should be checked daily, particularly at transfer points, and replaced
frequently. Often dirt can build up in the material, which reduces its effectiveness as
a cushion. Timing between singulators and weighing cups is critical for grading ma-
chines for single fruit such as apples and pears, and these should also be monitored
closely for signs of problems. Machinery should be given a thorough overhaul before
the start of the season, and cushioning should be renewed throughout the machine.
Performance should be monitored carefully, particularly at the start of the season. Han-
dling machinery can behave differently when fully loaded with fresh fruit or vegetables,
compared with operation with only a few samples from the previously season passing
through.

Staff Training
Because much of the damage to fruit and vegetables is latent, workers can be unaware

that they are causing damage. Regular training helps to keep awareness levels high.
When problems arise, these need to be corrected. Good management practices help.
For example, paying staff by the quantity of product picked is an encouragement to
work too fast, resulting in excessive damage. Poor supervision and long working hours
also encourage poor handling practices. Total quality management systems should be
adopted. These encourage staff involvement in quality improvements. It is essential that
in every part of the chain a consistent approach is maintained: Pickers will see little point
in being careful if packers mistreat fresh products.

Fruit and vegetables are most susceptible to damage when they are transferred. Forklift
operators should be made aware of the need for careful handling. After products are
packaged the risk of damage still remains, and the tendancy for staff to believe that the
product cannot be damaged inside a package should be corrected. Drop tests on apple
cartons showed that a 600-mm drop can result in damage to 70% of the fruit, even if
paper-pulp tray dividers are used [23].

Reducing Bruise Susceptibility
Some products can be handled more easily if handling is delayed after harvest. Pota-

toes, taro, apples and onions are examples. There is some evidence that fruit handled
cold will be slightly more bruised than fruit handled at room temperature [24, 32, 35].
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There are conflicting research results on the effects of storage times and fruit maturity
on handling damage susceptibility (e.g., see Tables 3.19 through 3.21). The direction of
the change appears to depend on the variety [32, 43]. Turgor pressure and tissue strength
can affect bruising in apples independently. High turgor pressure increases the amount
of bruising. Factors that cause an increase in turgor pressure include harvesting early
in the day and increased maturity of fruit. Factors that reduce turgor pressure include
water loss, or length of storage time. Lower turgor pressure probably reduces bruise
susceptibility, because impact forces are reduced. Unfortunately, this has to be balanced
with customer preferences for fresh, high-turgor fruits and vegetables.

Although maturity and size affect bruising during handling, rainfall prior to harvest,
time of day of picking, and storage conditions are recognized by commercial growers as
factors that affect bruising levels [31].

Another factor is the structure of the fruit. Large cells or cells that are under greater
stress are more likely to be damaged by mechanical loading than smaller cells. Khan
and Vincent [44, 45] found that apple texture in some cultivars is anisotropic, and that
cells close to the core of the apple have different mechanical properties than cells nearer
the skin. Thus, there are a number of geometrical factors that need to be considered for
a complete understanding of product damage.

Factors that change cell-wall strength and stiffness alter bruising susceptibility. Pos-
itive factors include calcium levels in the fruit; negative factors include product age and
poor storage conditions. The small increase in bruising occurring at low temperatures
may occur because cell walls become less flexible at low temperature, as indicated by
twist-test measurements [46].

In storage, bruising may diminish or increase depending on whether the effects due
to loss of turgor pressure are balanced by the loss in cell-wall strength [32, 43].

3.3.6 Identification of Problem Areas in Handling Systems

Frequently it is possible to identify problem points in a handling chain. For apples,
damage increases steadily as fruit progresses along the handling chain [47–51]. The
worst problems in the orchard occur when fruit are placed into field bins from picking
buckets. Cushioned field bins, combined with special techniques to avoid forming a pile
of fruit inside the bin, help reduce problems. In grading sheds, most bruising occurs
when fruit falls from the weighing cups onto other apples in final size bins and at the
singulator on some grading machines (but not all). Panget al. [52] found that fruit-to-
fruit impact could be a major cause of damage. High- and low-damage points in apple
handling systems are listed in Table 3.25.

In order to identify problem areas the options are either to conduct a series of ex-
periments using a large sample of fruit or to use a suitable device to assess loading
damage. Survey techniques can be slow, especially if a fault occurs in the middle of
the season. The procedure requires that a sample of about 100 fruit be passed over each
point considered as a potential problem. A control sample of the same number should
be placed in the machine and removed without passing through the section under test to
eliminate extraneous handling effects during the test. Once the damage has developed
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Table 3.25. High and low damage areas (New Zealand apple handling systems)

Potentially High Level of Damage Low Level of Damage

Picker transferring fruit into larger field bin Finger bruising by pickers
Transport out of field in field bin
Dry dump (i.e., no water dump) Water dump
Grader transfer points
Drop onto grading table Grading table
Drop onto singulator Velocity-control brushes
Timing and uncushioned surfaces at Cushioned channels and dividers

transfer wheel to cups
Cup drop onto chute if cushioning is worn Cup drop onto chute if cushioning

is not worn
Final run into final size bins (fruit–fruit impact) Automatic tray fillers (no chutes)
Excessive speed After packaging
Long chutes

Source: [47].

to the extent where it is visible, an assessment can be made. This procedure is far from
straightforward, as additional problems arise in obtaining a suitable sample of fruit. An
alternative approach is to use an “electronic fruit” that records loads and impacts as it
passes through the handling system.

Electronic Fruit
Several electronic devices have been developed worldwide. The most widely used is

the American Instrumented Sphere, which consists of a triaxial accelerometer mounted
inside a molded plastic ball, designed so that the output from the accelerometer is recorded
on a microcomputer embedded inside the sphere [33, 53–55]. The output from the ac-
celerometer is monitored continuously, but the data are saved only each time the accelera-
tion exceeds a threshold level. The sphere is powered by rechargeable batteries. Informa-
tion on each impact is collected and downloaded onto a computer for detailed analyses.
The Instrumented Sphere is a few centimeters in diameter; larger sizes are available. It
records only impact loads, and has an operational life of a few hours before recharging is
needed. Information provided includes the maximum acceleration, the velocity change
(i.e., the area under the acceleration–time curve), and the time of each event. If the
progress of the sphere is monitored with a video camera, the location of each significant
event can be identified. In assessing a handling system, the sphere normally is passed
through the system several times so that potential problem areas are identified. Studies
have been conducted on citrus, apples, squash, pears, and potatoes. The output (accel-
eration and velocity change) has to be interpreted in terms of damage done to real fruit.

An electronic potato has also been developed [56]. This device has a piezoelectric
surface layer, covered with appropriate materials to enable the sphere to have similar
properties to the fruit or vegetable it simulates. The sphere records the time and relative
severity (on a scale from 0 to 7) of the worst impact measured during a run [56]. This
sphere has the advantage that the user need not conduct laboratory assessments to corre-
late the output with the damage. A pressure sphere has been developed that has a rubber
surface and measures the changes in pressure in a hydraulic fluid inside the sphere [57].
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This device can measure both impact and static pressures and is durable under rough
handling conditions.

Explanation of Output of Instrumented Sphere
Data from the Instrumented Sphere is downloaded, and peak acceleration and velocity

change from each recorded impact can be studied in sequence for problem diagnosis.
The results can be presented as a graph of peak acceleration against velocity change (Fig.
3.28). For diagnosis, various curves are drawn on the graph; the lowest curve indicates
impacts against a solid surface such as steel; other curves indicate surfaces that are partly
cushioned.

The acceleration is proportional to the maximum force generated during an impact
recorded by the sphere. The velocity change gives an indication of the type of impact
(see Fig. 3.19). A low velocity change indicates that the impact occurred against a hard
material, whereas a large velocity change at the same maximum acceleration indicates
an impact against a soft material.

This means that if the sphere strikes a steel surface the resulting impact is close to the
steel line. If it strikes a cushioned surface, the impact is well above this line, depending
on the nature of the cushioned surfaces. The resulting impact lies in the zone marked
Y. High peak acceleration values are required to cause bruising. If the sphere strikes a
fruit, the impact is in the zone labelledZ. These impacts can cause fruit damage, even
though the acceleration is low and the velocity change high [55]. There can be some
ambiguity in this region, as it is possible to obtain an impact in the same region from a
gentle impact on a soft cushioned surface. However, use of a video camera enables the

Figure 3.28. Apple-bruising initiation threshold lines showing 0%–10% (A),
50% (B), and 100% (C) bruising probability for impacts against steel and
cushioning materials (zone Y) [53, 54]. The figure also shows the region
in which fruit to fruit impacts are recorded (zone Z). Bruises can occur

in this zone [55].
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Table 3.26. Damage thresholds of varieties of apples for various
impact surfaces (m/s2× 9.81)

Splendour Gala Fuji Braeburn Granny Smith

Steel 65 79 61 84 65
Rubber 59 54 56 77 59
Tube 48 — 40 64 45
Bar 40 56 — — —
Fruit 21 26 22 33 21

Source: [55].

object struck to be identified positively. Impacts against uncushioned surfaces such as
plastic rollers or nonrigid metal components produce curves as indicated in Fig. 3.28.
The threshold for damage is at a higher peak acceleration level than for steel, but less
than on cushioned surfaces.

A key component of the diagnosis is a knowledge of the threshold of damage for a
product. Damage thresholds not only depend on the fruit or vegetable type and cultivar,
but also on the type of surface. Threshold curves have been obtained for a range of
products and cultivars from laboratory experiments. Thresholds can be determined as
the lower limit for zero damage. Alternatively, thresholds can be set in terms of the
probability of fruit damage, or of damage above a commercially significant size [54].
Typical results are given in Table 3.26 for threshold levels causing bruising in apples.

List of Symbols

A bruise surface area (m2)
a radius of contact area (m)
b bruise susceptibility (m3/J)
BAS bruise area susceptibility (m2/J3/2)
BCS commercial bruise susceptibility (m2/J3/2)
BP bruise visibility factor
C cushioning factor (m s−2)
CST carton strength in storage (N)
CSL carton strength at 23◦ and 50% RH (N)
d surface diameter of bruise (m)
1E energy loss (J)
E impact energy (J)
E′ dissipated energy (vibrations etc) (J)
E0 initial energy (J)
Eabs absorbed energy (J)
EReb rebound energy (J)
ER rotational energy (J)
e coefficient of restitution
ε strain
F applied force (N)
Fm magness Taylor penetrometer force (N)
G fragility factor (m s2)
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g acceleration due to gravity (9.81 m· s−2)
h bruise depth at centre (m)
H drop height (m)
I inertia (kg cdot m2)
K1 empirical constant - equation (3.39)
KRH, KT, KSP Relative Humidity, time, and stacking factor

correction factors for corrugated cardboard
containers (%)

k material constant defined in Eq (3.23)
L thickness of cushioning material (m)
M, M1, M2 mass (kg)
n constant defined in Eq (3.35)
Pmax maximum pressure on contact area (Pa)
Q angular rotation (rad· s−1)
R, R1, R2 radii of curvature in contact area (m)
R1A, R1B orthogonal radii of curvature of surface 1 etc.
r radius of sphere (m)
σ stress (Pa)
S packing density
T momentum (N s)
t time (s)
U initial velocity before impact (m· s−1)
U ′ velocity after impact (m· s−1)
u velocity (m· s−1)
Vb bruise volume (m3)
Vs volume of compression sample (m3)
ν Poisson’s ratio of the material
X bruise height above contact plane (m)
x closest approach distance (m)
Y Young’s modulus of elasticity (Pa)
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3.4 Cold-Storage Systems
J. F. Thompson

3.4.1 Purpose of Storage

Orderly marketing of perishable commodities often requires storage to balance day-
to-day fluctuations between product harvest and sales; for a few products, long-term
storage is used to extend marketing beyond the end of harvest season. Long-term stor-
age is feasible only if the product gains enough value during the storage period to pay
for the cost of storage. To minimize product quality loss the storage must slow bio-
logical activity of product by maintaining the lowest temperature that will not cause
freezing or chilling injury and by controlling atmospheric composition; slow growth
and spread of microorganisms by maintaining low temperatures and minimizing sur-
face moisture on the product; reduce product moisture loss and the resulting wilting
and shrivel by reducing the difference between product and air temperatures and main-
taining high humidity in the storage room; and reduce product susceptibility to damage
from ethylene gas. With some commodities, the storage facility also may be used to
apply special treatments. For example, potatoes and sweet potatoes are held at high
temperature and high relative humidity to cure wounds sustained during harvest, ta-
ble grapes are fumigated with sulfur dioxide to minimizeBotrytis decay damage, and
pears and peaches may be warmed and exposed to ethylene to ripen more quickly and
uniformly. This section describes the equipment and techniques commonly used to con-
trol temperature, relative humidity, and atmospheric composition in a storage facility
[1, 2].

3.4.2 Storage Considerations

Temperature
The temperature in a storage facility normally should be kept within about 1◦C of the

desired temperature for the commodities being stored. For storage very close to the freez-
ing point, a narrower range may be needed. Temperatures below the optimum range for
a given commodity may cause freezing or chilling injury; temperatures above it shorten
storage life. In addition, wide temperature fluctuations can result in water condensation
on stored products and also more rapid water loss. Recommended temperatures and
humidities for long-term storage of horticultural products are shown in the Appendix,
Table 3.A3. In many stores, particularly at wholesale and retail marketing, many products
are held in the same cold storage. Table 3.27 groups commodities into four temperature
and humidity groups for short-term storage.
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Maintaining storage temperatures within the prescribed range depends on several
important design factors. The refrigeration system must be sized to handle the maximum
expected heat load. Undersized systems allow air temperature to rise during peak heat-
load conditions, while an oversized system is unnecessarily expensive. The system also
should be designed so that air leaving the refrigeration coils is close to the desired
temperature in the room. This prevents large temperature fluctuations as the refrigeration
system cycles on and off. Large refrigeration coils installed with suction pressure controls
allow a small temperature difference to be maintained between the air leaving them and
the air in the room while still having adequate refrigeration capacity. A small temperature
difference also increases relative humidity in the room and may reduce frost build-up on
the coils. A large free space above the stored product allows air from the evaporators to
mix with room air before coming in contact with stored product.

Temperature variation is minimized with adequate air circulation. Most stores are
designed to provide an airflow of 0.3 m3 · min−1 per tonne (100 cfm per ton) of product,
based on the maximum amount of product that can be stored in the room. This is needed
to cool product to storage temperature and also may be needed if the product has a high
respiration rate. This high airflow rate can cause excessive weight loss from products, and
fans are a significant source of heat, so the system should be designed to reduce air flow
to 0.06 to 0.12 m3 · min−1 of airflow per tonne (20 to 40 cfm per ton) after product has
reached storage temperature. Motor speed-control systems, such as variable-frequency
controllers for alternating current motors, are used to control fan speed at the lowest
possible speed that will prevent unacceptably warm product in the storage. The warmest
product tends to be near the top of the room and next to a warm wall or roof.

Low circulation rates require that the system be designed to move air uniformly past
all of the stored product. Figure 3.29 shows some systems used to uniformly distribute
air in large storage rooms. If air flows past the sides of bins or pallet loads, product must
be stacked to form 10 to 15 cm wide air channels past the sides of each unit. Channels
are formed parallel to the direction of air movement. There also should be space between
product and walls to allow refrigerated air to absorb heat conducted from the outside.
Curbs installed on the floor next to walls guarantee that product will be loaded with
an air space between it and walls. If forklift openings are used for air distribution, bins
may be tightly stacked and forklift openings must align along the entire length of the air
path. The serpentine airflow system (sometimes called theletter-box system) is the only
one that forces air to flow through product. This speeds initial cooling but may not be
necessary for uniform product temperatures in long-term storage.

Air takes the path of least resistance, and partially filled rooms often have very uneven
air distribution. Large rooms can be divided into sections with uninsulated walls parallel
to the direction of air flow. This allows product in one bay to be removed with little effect
on airflow in neighboring bays. Smaller rooms with packaged evaporator coils use an
airflow pattern similar to the ceiling plenum design, except the plenum is not needed
because high-capacity evaporator fans can discharge air at least 15 m. The wall plenum is
formed by stacking product 20 to 25 cm away from the wall under the evaporator. Rooms
cooled with roof-mounted packaged evaporative coolers sometimes use ceiling-mounted
paddle fans to distribute air downward past bins of product.
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Figure 3.29. Air-flow distribution systems used in cold storages. Figures are side elevations
with evaporator coil and fan on top left.

In some long-term controlled-atmosphere storages, airflow is minimized by cycling
evaporator fans off for as much as 85% to 90% of the time. In the winter in temperate
climates, most refrigeration demand comes from heat released by evaporator fan motors.
Reducing fan operation time reduces heat input, which in turn reduces refrigeration op-
eration. During tests in the northwestern United States, fan cycling reduced fan operation
use by 60% to 65% and electricity use by 50% to 55% compared with continuous fan
operation [3]. It also may increase humidity in the storage and reduce product moisture
loss.
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Thermostat sensors are usually placed 1.5 m above the floor (for ease of checking)
in representative locations in the room. They should not be placed near sources of heat
such as doors or walls with an exterior surface. Nor should they be placed in a cold area
such as near the air discharge of the refrigeration unit. A calibrated thermometer should
be used to periodically check the thermostat, because errors of only a few degrees can
significantly affect product quality.

Humidity
For most perishable commodities, the relative humidity in a storage facility should

be kept at 90% to 100% (Appendix, Table 3.A3). Humidities below this range result in
unacceptable moisture loss. However, humidities close to 100% may cause excessive
growth of microorganisms and surface cracking on some products, although it is unusual
for a storage facility to have relative humidities that are too high.

Partially dried products such as garlic, ginger, and dry onion are held at 65% to
75% humidity. Dried fruits and nuts should be held at 55% to 65% humidity. Corrugated
fiberboard or cardboard containers are weakened by prolonged exposure to high humidity.
Typical corrugated fiberboard exposed to 95% humidity has half as much strength as
the same material exposed to 50% humidity. Storage-room humidity for perishables can
be lowered below recommended levels if the product is packaged in plastic bags or box
liners to maintain a high relative humidity around the product and prevent moisture loss.

Refrigeration equipment must be specially designed to maintain high relative humid-
ity. In systems not designed for horticultural commodities, the evaporator coils (which
produce cold air) operate with a refrigerant temperature at least 11◦C (20◦F) lower than
the temperature of the air returning to the coil. This causes an excessive amount of mois-
ture to condense on the coils and results in a low relative humidity in the storage room.
Coils with a large surface area achieve the same refrigeration capacity as smaller coils
but can operate at a higher temperature, thus reducing the moisture removed from the
air. As a guide, the coils should be large enough so that the refrigerant is only 2.2 to
4.4◦C colder than the air temperature returning to the coil [4].

Mechanical humidifiers or fog spray nozzles are sometimes used to add moisture
to the storage room and reduce the drying effect of the evaporator coils. They are par-
ticularly valuable if moisture must be added to wood or paper packaging to prevent it
from absorbing moisture from the product. However, much of the moisture added by
a humidifier is condensed on the evaporator, resulting in the need for more frequent
defrosting. Humidifiers also are needed in conditions under which the product is stored
at a temperature warmer than the outside environment (cold winter locations) and heat
is added to prevent chilling injury or freezing.

Some refrigeration systems use a wet-coil heat exchanger to maintain humidity. In
this system, water is cooled to 0◦C, or a higher temperature if higher room temperatures
are desired. The water is sprayed down through a coil, and the storage area air is cooled
and humidified to nearly 100% as it moves upward through the coil. However, as the
air moves through the storage area it picks up heat, and the rise in temperature reduces
relative humidity. This system usually is limited to air temperatures above 0.2◦C, and
it does not work well for commodities that are held close to or below 0◦C, without the
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use of compounds that depress freezing temperature (such as caustic soda or ethylene
glycol) in the water.

3.4.3 Refrigeration

Mechanical Refrigeration
Most storage facilities use mechanical refrigeration to control storage temperature.

This system utilizes the fact that a liquid absorbs heat as it changes to a gas. The simplest
method for using this effect is to allow a controlled release of liquid nitrogen or liquid
carbon dioxide in the storage area. As the refrigerant boils, it causes a cooling effect in
the storage area. However, this method requires a constant outside supply of refrigerant
and is used only to a limited extent with highway vans and rail cars. The more common
mechanical refrigeration systems use a refrigerant such as ammonia or a variety of
halocarbon fluids (sometimes referred to by the trade name Freon) whose vapor can be
recaptured easily by a compressor and heat exchanger.

Figure 3.30 shows the components of a typical vapor-recompression (or mechanical)
refrigeration system. The refrigerant fluid passes through the expansion valve, where the
pressure drops and the liquid evaporates at temperatures low enough to be effective in
removing heat from the storage area. Heat from the material to be cooled is transferred to
the room air, which is then forced past the evaporator (cooling coil located in the room).
This is usually a finned tube heat exchanger, which transfers the heat from the air to the
refrigerant, causing it to evaporate. After fully changing to a gas, it is repressurized by
the compressor and then passes through a condenser, where it is cooled to a liquid. The
condenser is located outside the storage area and releases heat. Liquid is stored in the
receiver and is metered out as needed for cooling.

Refrigerant Flow and Pressure Control
Small mechanical refrigeration systems are controlled primarily by the expansion

valve, which regulates the pressure of the refrigerant in the evaporator. Low pressures
cause the liquid refrigerant to evaporate at low temperatures. The valve also controls the
flow of refrigerant, which affects the amount of refrigeration capacity available. Capil-
lary tubes and thermostatic expansion valves are the most common types of expansion
valves.

The capillary tube is used with very small refrigeration equipment (less than 0.7 kW
[1 hp]). It is a tube 0.6 to 6 m long with a verysmall inside diameter of 0.6 to 2.3 mm.
The resistance of the liquid flowing through the tube creates the needed pressure drop
between the low-pressure and high-pressure sides of the system and regulates the flow
of refrigerant. A capillary is inexpensive and has no moving parts to maintain, but it
cannot be adjusted, is subject to clogging, and requires a relatively constant weight of
refrigerant in the system.

The thermostatic expansion valve regulates the flow of refrigerant to maintain a con-
stant temperature difference between the evaporator inlet or evaporating temperature and
the coil outlet (it maintains a constant superheat of the refrigerant above its evaporation
temperature). It allows the evaporator pressure to vary, so that when high refrigeration
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Figure 3.30. Schematic of a typical vapor recompression or mechanical
refrigeration system.

capacity is required, the temperature of the evaporator coil increases. Evaporator coils
with this control system are commonly calleddirect-expansion systems. This type of ex-
pansion valve is not well suited to obtaining high relative humidity needed in long-term
storage and is rarely used with ammonia refrigerant.

Large refrigeration systems may use evaporator coils that are designed always to have
liquid refrigerant in them, called aflooded coilor a forced-liquid recirculation system.
Refrigerant flow is controlled primarily with a float control that ensures a constant level
of refrigerant in the coil. The float control may operate in parallel with a thermostatic
expansion valve. These designs have a greater heat-transfer efficiency than a direct-
expansion coil of equal size. Other controls such as suction-pressure regulators may be
used in conjunction with float controls. These are especially useful in maintaining the
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Table 3.28. Effect of increasing design and operating parameters on evaporator performance

Outlet Air
Parameter
Increased Temperature Humidity

Refrigeration
Capacity

Typical
range

Face area Lower Lower Higher Depends on refrigeration
capacity

Number of tube Lower Lower Higher 4–8
rows deep

Fin spacing Lower Lower Higher 150–300 fins/m (4–8 fins/in)
Face velocity Higher Higher Higher 2–4 m · s−1 (400–800 feet

per minute)
Refrigerant temperature Higher Higher Lower 3–8◦C (5–15◦F) below

entering air

Source: [4].

highest possible evaporator-coil temperature to maintain high humidity in the storage
room. Flooded evaporators tend to reduce energy costs but are more expensive to install
compared with direct-expansion units.

Evaporators
Cold storages usually are equipped with finned tube evaporators. Air from the storage

is forced past the tubes by fans, which are a part of a complete evaporator unit. Coil-unit
selection is based on the area of the coil perpendicular to the direction of air flow (called
face area), number of rows of tubes in the direction of air flow, fin spacing, airflow rate
through the coil, and refrigerant temperature. Table 3.28 summarizes the effect of these
factors on refrigeration system performance. Manufacturers provide data on the effects
of these factors on performance of their equipment.

Evaporators operating below 0◦C build up frost that must be removed to maintain
good heat-transfer efficiency. Defrosting may be done by periodically flooding the coils
with water, by electric heaters, by directing hot refrigerant gas to the evaporators, or by
continuously defrosting with a brine or glycol solution. In storages with air temperatures
above 2◦C frost can be melted by shutting off the refrigerant supply and letting the room
air heat the evaporator.

Compressors
The most common types of refrigeration compressors are reciprocating (piston) and

screw (Fig. 3.31). Reciprocating compressors come in a wide range of sizes and can be
set up to operate efficiently at varying refrigerant flow rates. Rates are varied by shutting
off pairs of cylinders in a unit that may have 6 to 12 cylinders. The main disadvantage of
reciprocating compressors is their fairly high maintenance costs, although maintenance
often can be done in onsite. Screw compressors have low maintenance costs but are not
available in sizes smaller than about 23 kW (30 hp) and do not operate efficiently at
partial loading. Some facilities use screw compressors for base-load refrigerant needs
and reciprocating compressors for the portion of the load that varies significantly during
the day.
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Figure 3.31. Common types of refrigeration compressors.

Maintaining the highest possible suction pressure reduces compressor energy use.
This can be achieved by using large evaporator coils and a control system that increases
suction pressure as demand on the refrigeration system is reduced. A compressor system
that operates efficiently over the required range of refrigerant flows is recommended.
Screw compressors operate efficiently only at flow rates near their maximum capacities.
Several can be used in parallel, shutting down those that are not needed, or reciprocating
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Table 3.29. Comparison of Refrigerants

Latent Flow
Ozone- Heat at Leaving

Depletion 15◦C Evaporator Coefficient of
Potential Cost (kJ · kg−1) (L · s−1 · kW−1) Performance Flammability

R-12∗ 1.0 — — — — —
R-22 0.55 Moderate 216 0.48 4.66 No
R-134a 0 High 208 0.82 4.60 No
R-507 0 Not available 175 0.45 4.31 Not available
R-717 Not- Very low 1313 0.46 4.77 Moderate
(ammonia) available

∗ The properties are not listed because the refrigerant is no longer available.
Source: [5].

compressors can be used for peak loads, because they operate efficiently over a large
range of refrigerant flows.

Condensers
Condensers are categorized as air-cooled, water-cooled, or evaporative. Air-cooled

condensers are inexpensive and have low maintenance cost but often cause higher energy
use compared with the other choices. Small systems usually use an air-cooled unit. Many
home refrigerators, for instance, have a coiled tube in the back that allows a natural draft of
air to flow past. Systems with a few kilowatts of motor power use a fan to provide airflow
past the condenser. Large condensers are more likely to be water-cooled. Water is a better
heat conductor than air, allowing water-cooled condensers to be smaller than forced-air
units of equal capacity. However, water-cooled units may require large quantities of
water, which can be expensive to obtain and dispose of. Evaporative condensers reduce
water consumption by recycling the heated condenser water; they require close attention
to water quality to maintain efficiency and to prevent damage to the heat exchanger.

Energy use is minimized by selecting a condenser that cools the refrigerant fluid
to as low a temperature as possible. For example, a facility maintaining 0◦C and a
condensing temperature of 52◦C requires 50% more power than one that operates at
a condensing temperature of 35◦C. In warm areas, well water–cooled or evaporatively
cooled condensers should be selected over air-cooled units.

Refrigerants
Ammonia and a number of halocarbon fluids are commonly used refrigerants. Some

of the properties of the most common refrigerants are listed in Table 3.29. Refrigerant
12 (R-12) has been classified as an atmospheric ozone-depleting chemical and soon will
be unavailable.

The choice of which refrigerant to use in a vapor recompression system is based on
the following factors:

Cost
Halocarbon refrigerants are more expensive than ammonia, and R-134a is significantly

more costly than ammonia.
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Efficiency
Under standard operating conditions ammonia is slightly more efficient than the

halocarbon refrigerants as measured by coefficient of performance. Its latent heat is
much higher than the halocarbons, meaning that less pumping energy is required.

Flammability
Ammonia is moderately flammable, and large systems must be designed to allow

good fire control. Refrigerants 22 and 134a are basically not flammable.

Compatibility
Ammonia cannot be used with metals that contain copper; halocarbon refrigerants

cannot be used with alloys containing more than 2% magnesium and may damage some
elastomeric materials.

Toxicity
Ammonia at very low concentrations can injure perishable commodities. It is toxic to

humans, and some governments require ammonia systems to have equipment to confine
accidental releases and a plan for protecting personnel and neighbors from an accidental
release.

Refrigerant Piping and Vessels
Piping is used to transfer refrigeration liquid or vapor from one component to the

another. Piping size is based on the volume handled and the acceptable fluid velocity in
the pipe. For example, vapor piping is larger than piping for liquid refrigerant. A large-
diameter pipe reduces fluid velocity and therefore reduces pressure drop and increases
plant efficiency, but it is more expensive than a smaller pipe. Pipe selection also must
allow for the need to transport oil and to permit or prevent liquid flow in a pipe that has
both liquid and vapor. Vessels are needed in large operations to store liquid refrigerant
and separate mixtures of liquid refrigerant and vapor.

Control Systems
A large refrigeration system requires a good control system and equipment for dis-

playing the system’s operating condition. At a minimum, panel lights should be installed
to indicate the operating status of fans and compressors, and the fluid levels in surge and
receiver tanks. Controls should be set up to allow manual operation of motors.

Microcomputers and programmable controllers allow even more precise control of
large refrigeration systems. They are especially valuable in reducing electricity use
during peak-rate periods. Defrost cycles can be programmed to take place at night,
and unnecessary fans and compressor motors can be turned off during peak-rate periods.

3.4.4 Absorption Refrigeration

Absorption refrigeration is used in a few cold-storage operations. It differs from
mechanical refrigeration in that the vapor is recovered through use primarily of heat
rather than of mechanical power. It is less energy-efficient than mechanical refrigeration
and usually is used only where an inexpensive source of heat is available. Processing
facilities with excess low-pressure steam are well suited to absorption refrigeration.
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3.4.5 Secondary Refrigerants

Some storages are cooled with a secondary coolant. A brine solution, either sodium
chloride, calcium chloride, or glycols (commonly propylene glycol or ethylene glycol),
is cooled by a mechanical refrigeration system and pumped to heat exchangers in the
cold storage. These systems are a little less energy-efficient than conventional systems,
and brine solutions are corrosive, but they dramatically reduce the quantity of first-
stage refrigerant needed and confine it to the compressor room. This is a great asset
in dealing with the flammability and safety issues of ammonia. Secondary-refrigerant
piping does not need to withstand the pressure of primary refrigerants, and this may
allow plastic piping to be used. Heat-exchanger temperature can be controlled precisely
with a mixing valve. Brines and glycol solutions are corrosive; they must be used with
corrosion inhibitors and should never be in contact with zinc. Sodium chloride and
propylene glycol are food-grade materials.

3.4.6 Refrigeration Load Calculations

Information on peak heat load is needed to size refrigeration components. These
calculations are based on extreme heat-load assumptions so that equipment will depend-
ably maintain temperature. Designers add about 10% to 20% extra refrigeration capacity
above their calculations to ensure that the equipment will perform well even under un-
foreseen circumstances. In multiroom facilities, a calculation is done for each room to
select an evaporator and piping. Compressor and condenser capacities are based on peak
load contribution from all rooms, which is usually less than the sum of the peak loads for
each individual room, because the rooms are not all exposed to peak loads at the same
time.

Heat-load calculations also can be used to estimate total energy use of the facility, per-
haps for financial-planning purposes. These calculations are based on average conditions
during each week or month of operation.

The heat load to which a refrigeration system is exposed is based on adding all the heat
inputs to a storage area. These include heat conducted through walls, floor, and ceiling;
field and respiration heat from the product; sensible and latent heat from air infiltration;
defrost heat; and heat from personnel and equipment such as lights, fans, and forklifts.
A typical range of refrigeration load for a produce storage is 9.9 to 13.7 kW per 1000 m3

(0.08 to 0.11 ton per ft3) and for a shipping dock is 13.7 to 25 kW per 1000 m3 (0.11 to
0.20 ton per ft3) [5]. Procedures for detailed heat load calculations are given in refs. [2]
and [5].

Refrigeration equipment for storage facilities usually is not designed to remove much
field heat from the product because a large capacity is required; a separate cooling facility
usually is used for this purpose [6].

3.4.7 Alternative Refrigeration Sources

In many developing countries, where mechanical refrigeration is prohibitively ex-
pensive to install, maintain, and operate, a number of other techniques can be used to
produce refrigeration. In some cases these can provide nearly the recommended storage
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conditions. In others, they are a compromise between proper storage conditions and costs
for equipment, capital, and operations.

Evaporative Cooling
Evaporation of water requires heat. Evaporative-cooling systems extract this heat from

the product. Evaporative-cooling techniques are very energy-efficient and economical
[7]. A well-designed evaporative cooler produces air with a relative humidity greater
than 90%. Its main limitation is that it cools air only to the wet-bulb temperature of
the outside air. During the harvest season in the United States, wet-bulb temperatures
vary from 10 to 25◦C depending on location, time of day, and weather conditions. This
temperature range is acceptable for some chilling-sensitive commodities.

The water for cooling in the systems mentioned previously comes from domestic
sources. It is also practical to cool by evaporating water from the commodity. Snap
beans have been cooled in transit by erecting an air scoop above the cab of the truck that
forces outside air through a bulk load of beans [8]. This system prevents heat build-up
and keeps the beans at or below the outside air temperature. Using this system for any
great length of time may result in excessive water loss.

Night Cooling
In some parts of the world, significant differences between night and day temperatures

allow nighttime ventilation to be a means of refrigeration. In dry Mediterranean or desert
climates the difference between daily maximum and minimum temperatures can be as
great as 22◦C during the summer. Night cooling is commonly used for unrefrigerated
storage of potatoes, onions, sweet potatoes, hard-rind squashes, and pumpkins. As a
rule, night ventilation effectively maintains a given product temperature if the outside
air temperature is below the desired product temperature for 5 to 7 hours per day.

Low nighttime temperatures can be used to reduce field heat simply by harvesting
produce during early-morning hours. Some growers in California use artificial lighting
to allow night harvest.

It is theoretically possible to produce air temperatures below nighttime minimums by
radiating heat to a clear sky. A clear night sky is very cold, and a good radiating surface
such as a black metal roof can cool air below ambient temperature. Simulations have
indicated that this method could cool air about 4◦C below night air temperatures. This
concept has not yet been used widely.

Well Water
In some areas, well water can be an effective source of refrigeration. The temperature

of the ground more than about 2 m below the surface is equal to the average annual air
temperature. Well water is often very near this temperature.

Naturally Formed Ice
Before the development of mechanical refrigeration, refrigeration was provided by

natural ice harvested from shallow ponds during the winter. The ice was stored in straw
and hauled to cities as needed during spring and summer. Energy costs today make
it unfeasible to transport ice any significant distances. However, cooling facilities in
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appropriate climates can store ice nearby for summer use. In some cases, it may be
feasible to transport perishable commodities to the ice for storage. This would be es-
pecially practical where the ice is located between the sites of production and con-
sumption.

High-Altitude Cooling
High altitude also can be a source of cold. As a rule of thumb, air temperatures decrease

by 10◦C with every kilometer (5◦F per 1000 ft) increase in altitude. It is not possible
to bring this air down to ground level because it naturally heats by compression as it
drops in altitude. However, in some cases it may be possible to store commodities at high
altitudes in mountainous areas. For example, in California most perishable commodities
are grown in the valley floors near sea level. However, much of the production is shipped
east across the Sierra Nevada over passes about 1800 m high. Air temperature has the
potential of being 18◦C cooler, and it may reduce energy costs to store perishables there
rather than on the valley floor.

Underground Storage
Caves, cellars, abandoned mines, and other underground spaces have been used for

centuries for storage of fruits and vegetables. As mentioned previously, underground
temperature is near the average annual air temperature. Underground spaces work well
for storing already cooled produce but not for removing field heat. The soil has a poor
ability to transfer heat. Once the refrigeration effect is depleted from an area, it does not
regenerate rapidly. This can be overcome by installing a network of buried pipes around
the storage. Cooled air is pumped from the pipes to the storage area, allowing the harvest
of cooling capacity from a greater soil volume.

3.4.8 The Storage Building

Size
The storage must be sized to handle peak amounts of product. The floor area can be

calculated knowing the volume of the produce and dividing by the maximum product
storage height and adding area for aisles, room for forklift maneuvering, and staging
areas. Maximum storage height can be increased by use of shelves or racks and forklifts
with suitable masts. Multistory structures generally are not used because of the difficulty
and expense of moving the product between levels.

The building ideally should have a floor perimeter in the shape of a square. A rectangu-
lar configuration has more wall area per unit of floor area, resulting in higher construction
cost and higher heat loss compared with a square configuration. Entrances, exits, and
storage areas should be arranged so that the product generally moves in one direction
through the facility, especially if the storage facility is used in conjunction with a cooler
to remove field heat.

Site Selection
Good utility service must be available for the facility. Extending roads and energy

utilities to a facility can be very expensive. Three-phase electrical power is needed to
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Figure 3.32. Typical layouts of cool-store facilities.

operate refrigeration-equipment motors. In some areas a back-up power supply may be
advisable. There should be enough water to supply the evaporative condensers, personnel
needs, and the needs of a packing house, if it is a part of the project. The availability of
fire-protection services, gas supply, and sewer utilities also should be considered.

The area should have good drainage and room for future expansion. There should be
enough space around the facility for smooth movement of large highway trucks.

Building Layout
Room layouts with an interior corridor offer better operating conditions for cold

storages and better control of controlled atmosphere storages than designs that allow
room access only through exterior doors. The interior corridor, seen in layouts 1 through
3 in Fig. 3.32, allows easy access to piping and controls. Doors and equipment are
shielded from the elements, and product observation is easier. Layout 1 is common in
small operations in which storage and packing are done in one building. Layout 2 allows
better product flow compared with layout 3, but layout 3 has less area devoted to corridor.
Layout 4 is the least expensive of the designs, because none of the cold-storage building
is used as a permanent corridor.

Refrigerated facilities can be constructed from a wide variety of materials. The floor
and foundation are usually concrete. A vapor barrier is installed to prevent moisture
movement through the floor, and rigid insulation is sometimes placed above the barrier
and below the concrete. Walls can be made of concrete block, tilt-up concrete, insulated
metal panels, or wood-frame construction. In large facilities wood frame and concrete
block are losing favor to metal and tilt-up concrete construction in the United States.

Walls are insulated with fiberglass batts, rigid urethane foam boards, or sprayed-on
foam. Batt and board insulation must be protected with a vapor barrier on the warm side.
Properly applied sprayed-on foam can be moisture-proof. Exposed foam insulation must
be coated with a fire retardant. Some storages combine insulation types: For example,
the interior can be sprayed with foam to form a vapor barrier, then covered with batt or
board insulation for appearance and fire protection. If modified atmosphere techniques
are used in the storage facility, the vapor barrier also may serve as a gas barrier, and
special precautions must be taken to ensure a gastight seal.

Total wall insulation level, measured in heat-resistance units, is often in the range of
3.5 to 7.0 m2·◦K·W−1 (equal to an R-value of 20 to 40 hr·ft2 · ◦F/BTU). Ceilings can be
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insulated with rigid board or foam materials, or built separately from the roof and insu-
lated with loose fill or batts. Ceiling heat resistance of at least 10.6 m2 · ◦K·W−1 (R60)
is common in new construction. In general, it is advisable to build with more insulation
than utility costs presently may warrant, because energy costs are difficult to predict
and it is much cheaper to install insulation during construction than after construction is
completed.

Sun shining on walls and roof can dramatically increase the effective outside tem-
perature of a wall, increasing heat flow into a storage facility. A dark, flat roof can be
42◦C warmer than the outside air temperature. Painting a south-facing wall a light color
can reduce the effective wall temperature by 11◦C compared with a dark wall. Walls and
roof of a cold-storage facility should be painted a light color or shaded from the direct
sun.

Warm outside air leaking into the cold storage room increases energy use. Plastic flap
doors reduce infiltration during loading and unloading. Sealant should be placed around
openings for pipes and electrical conduits. Loading docks for out-bound product should
be fitted with flexible bumpers that provide an airtight seal between the dock and the
truck.

High-efficiency lighting sources, such as metal halide lamps, reduce heat input to the
cold storage, and turning off lights when not needed reduces unneccessary heat load.

3.4.9 Other Options for Small-Scale Cold Rooms

Cold rooms for small-scale operations can be purchased from commercial suppliers,
self-built, or made from used refrigerated equipment such as rail cars, marine containers,
or highway vans [9]. The choice of the best system is based on cost and availability of
equipment in the area and the amount of time available to invest in cold-room installation.

Rail Cars
Refrigerated rail cars are sometimes available for farm use. They are very sturdy and

well insulated. Refrigeration is driven by an electric motor powered by a diesel generator.
The generator set can be salvaged and the refrigeration connected to the farmer’s electric
utility. Railcars in the United States have a 2.84 m–high ceiling, which limits the height
to which produce can be stacked. The most significant problem and greatest cost of using
railcars is getting them from the railroad to the farm site.

Highway Vans
The one unique advantage of highway vans is that they are portable if the wheels are

left on. The refrigeration system is powered directly with a diesel engine. This can be
a benefit if utility electricity is not available at the site. In some areas, it may be less
expensive to operate the refrigeration unit if it is converted to operate with an electric
motor, but a considerable conversion cost must be added to the project. Highway vans
are built as light as possible to maximize the load they can carry; this often means that
used vans are in fairly poor condition. Their insulation, which is limited to begin with,
may have deteriorated, and they may have poorly sealed doors that permit excess air
leakage. Also, old vans often have fairly small fans that may not provide adequate air
circulation.
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Marine Containers
These are available in lengths of 6.1, 7.3, and 12.2 m (20, 24, and 40 ft). Their built-in

refrigeration units are powered with 220- or 440-V, three-phase electricity, and they can
be plugged directly into utility power. They are usually well built and have deep T-beam
floors and sufficient fan capacity to provide good air circulation; in fact, air circulation
is good enough to allow adequate room cooling.

A disadvantage of all transport vehicles is that their refrigeration systems usually
are not designed to produce high relative humidity. Drying of the product due to low
humidity results in weight loss and poor quality. This is particularly a problem if the cold
room is to be used for long-term storage. Drying can be reduced by keeping the floor
and walls of the cold room wet, but this causes increased corrosion, reduced equipment
life, and increased need for defrosting.

Refrigerated transport vehicles rarely have enough refrigeration capacity to cool pro-
duce rapidly. If rapid cooling is needed, extra capacity must be added. Moreover, trans-
portation vehicles are too narrow for the frequent product movement needed in a precool-
ing facility. A separate self-constructed room is much more convenient for precooling
operations.

Self-Constructed Cold Rooms
For many producers, a self-built cold room is the least expensive option. It usually is

built with a concrete or wood-frame floor. Walls and roof are of wood-frame construction
and insulated with fiberglass batts. Care must be taken to install a tight vapor barrier
on the warm side of the insulation. Refrigeration is provided by a small mechanical
refrigeration system. If the room is kept above 10◦C, it may be possible to use a room
air conditioner. These cost about half as much as a packaged refrigeration system.

3.4.10 Controlled-Atmosphere Storage

Controlled-atmosphere (CA) storage utilizes oxygen and carbon dioxide concentra-
tions of about 1% to 5% for each gas. Normal room air has an oxygen concentration of
about 21% and a carbon dioxide level near 0.03%. Low oxygen and high carbon dioxide
levels slow ripening processes, stop the development of some storage disorders (such as
scald in apples), and slow the growth of decay organisms. All of these effects increase
storage life of fresh produce compared with refrigerated air storage. More details about
the potential benefits and hazards of CA storage are presented in Section 3.2. CA stor-
age has all of the design requirements of conventional refrigerated storage plus gastight
rooms, equipment to obtain the desired gas concentrations, and equipment to measure
and control atmospheric composition [10].

Simple CA System
The simplest system for obtaining gastight storage uses a plastic tent inside a con-

ventional refrigerated storage room. The tent is made of 0.10- to 0.15-mm polyethylene
sheeting supported by a wood framework. The sheeting is sealed to the concrete floor
by pressing the plastic into a narrow trough and forcing tubing into the trough to keep
the plastic in place. A better gas barrier at the floor can be obtained by laying a sheet
of plastic on the floor and protecting it with wood panels. A seal is obtained by joining
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the tent to the floor sheet. A fan inside the tent provides air circulation. The oxygen
level is reduced initially by allowing fruit respiration to consume oxygen, or by using
CA generators. Oxygen is kept above the minimum by allowing a controlled amount
of outside air to enter the tent. The CO2 level is maintained by placing bags of fresh
hydrated lime in the tent to absorb excess CO2.

Permanent CA Facilities
Permanent facilities require that the storage plant be designed specifically for con-

trolled atmosphere storage. Usually a CA facility costs about 5% more to build than a
conventional refrigerated storage facility. The extra cost is in building the storage rooms
to be airtight and, in some cases, designing smaller individual rooms than are needed in
common refrigerated storage.

Individual rooms should be sized to allow them to be filled in a short time. Many
apple CA rooms are built to hold a week’s fruit harvest. If an operator wishes to use
rapid CA, the room should be small enough to be filled in 3 days. Many facilities have
several room sizes to allow for variations in incoming fruit volume, fruit varieties, and
marketing strategy.

Modern storages are single-story designs, with individual rooms often tall enough to
allow fruit to be stacked 10 bins high, including enough height between the bins and the
ceiling for air from the evaporator coils to mix with the room air and to travel easily to
the far end of the room.

Gas-Tight Construction
Floors and doors are designed to maintain gastightness. Three main types of interior

wall and ceiling construction are used in recently built CA storages.

Urethane System
Urethane foam serves as a gas seal, insulation, and vapor barrier. But it is expensive,

primarily because the urethane must be covered with a fire barrier. Foamed-in-place
urethane can be applied directly to any type of masonry, wood, or primed metal. It
should not be applied over rigid board insulation as the foam can distort the board,
and board materials that are not tightly attached cause the gas seal to fail over time.
Figure 3.33 shows a cross-section of a typical CA storage sealing system with urethane-
foam insulation.

Plywood Cover Over Fiberglass Insulation
This is a common method of insulating and sealing CA storages. It is usually the least

expensive of the three gas-barrier systems. The plywood sheets are sealed with a butyl
rubber compound applied between the sheet and the wood framing. Sheets are separated
with a 3-mm gap to allow for expansion. The gap is filled with butyl rubber and the
joint covered with fabric and an elastomeric sealer. If regular plywood is used, the whole
board must be covered with the sealer. High-density plywood does not need to be treated
for gastightness.

A vapor barrier usually is installed on the outside (warm side) of the insulation.
However, an outside vapor barrier is not recommended with the plywood system, because
there is already a gastight seal on the inside of the insulation. A vapor barrier on the
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Figure 3.33. Gastight seal using urethane
foam insulation.

outside will trap any moisture that might get into the insulation, ruining its insulating
value.

Insulated Panels
These are usually a sandwich design. Eight to fifteen centimeters of rigid foam insula-

tion is covered on both sides with painted metal or fiber reinforced plastic sheets. Panels
are 1.2 to 2 m wide andusually extend from floor to ceiling. The panels are installed
inside a building shell and are held together with mechanical fasteners. Joints are sealed
with polyvinylacetate copolymer or latex emulsion sealers. Large gaps are backed with
a nonwoven fabric.

Floors
Floors can be made gastight with two main systems. An insulated floor is usually

a sandwich design, with board insulation placed between two layers of concrete. With
this design, a gas seal of two layers of hot-mopped asphalt roofing felt is applied to the
subfloor. A single-slab floor is used if only perimeter insulation is used. In this case
the floor is sealed by applying special materials to the top surface. Chlorinated rubber
compounds are sometimes used.

In all designs, the wall-to-floor seal is the area that is most likely to fail. It is important
to eliminate floor movement with respect to the wall by carefully backfilling and thor-
oughly compacting the subgrade. The floor can be tied to the walls with steel reinforcing
bar or set on a 10-cm ledge built into the foundation wall.

Doors
Many different door designs can be used in CA facilities. In all of them the door is

constructed of a solid frame that can be clamped tightly against a gasketed door frame
without warping. The frame can be covered with well-sealed plywood or metal. Some
of the more expensive doors have aluminum sheets welded to an aluminum frame. The
bottom of the door usually is sealed with caulking compound after the door is closed.
Most doors are 2.4 to 3 m (8 to 10 ft) wide and tall enough to allow a lift truck with two
bins to pass through.
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Figure 3.34. Schematic of water-trap pressure-relief system.

Each room also should have a 60 by 75 cm access door that allows for entry for
checking fruit and making repairs without opening the main door. Many storages also
have a fixed, clear acrylic window near the top of a wall to observe fruit without entering
the room. It usually has a concave shape, allowing all areas of the room to be seen.

Pressure Relief
A pressure difference between the cold room and the outside can develop because of

changes in weather or room temperature. This difference can damage gas seals or even
the building structure if it is not relieved. A water trap as pictured in Fig. 3.34 is usually
used to allow pressures to equalize. The trap is often filled with ethylene glycol to avoid
problems with water evaporation. A spring-loaded or weight-loaded check valve can be
used, but these are much more expensive than a simple water trap. Vent area should be
10 cm2 per 40 m3 of room volume (1 in2 per 1000 ft3).

Small changes in pressure can be relieved by using breather bags. These have the
advantage of capturing the gas mixture in the room and allowing it to reenter the room
at a later time. Bags should have 0.35 to 0.4 m3 of capacity per 100 m3 of room volume
(3.5–4 ft3/1000 ft3), although some are designed with several times this capacity. If a
CA room is so tightly sealed that air must be regularly bled into the room to maintain
O2 level, breather bags are not necessary.

Pressure Test
The overall gastightness of a CA room is tested by pressurizing it and measuring the

rate of pressure drop. After all doors and openings are sealed, a small fan is used to
increase the static pressure in the room to 2.5 cm of water column. The fan then is turned
off and sealed, and the tester determines how long it takes for the pressure to drop by
half. If this takes 20 minutes or longer, it is considered tight enough for a CA system that
uses hydrated lime to maintain CO2 levels. At least 30 minutes are required for rooms
that use carbon or water scrubbers to control CO2. Some authorities believe that rooms
should be even more gastight than these standards and require 45 minutes to 2 hours for
the pressure to drop by half. Because gas seals deteriorate, new rooms should be much
tighter than prevailing standards.
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If the room does not meet the desired standard it is necessary to check for leaks.
They are most common around doors, at the wall and floor junctions, near poorly sealed
penetrations, and at unsealed electrical boxes. Testing for leaks can be done by putting
the room under a slight vacuum and listening for air leaking, or by spraying suspect areas
with soapy water and watching for bubbles. Smoke sticks or bee smokers can be used to
detect streams of outside air entering the room.

3.4.11 Equipment for Atmospheric Modification

The least expensive but slowest method of changing the storage-room atmosphere is
to let the product do it through natural respiration. Fruit and vegetables use oxygen and
release carbon dioxide. The product in a sealed room eventually lowers the oxygen to
the level needed for CA storage; if oxygen drops too low, outside air can be added to
restore it to the desired level. However, respiration usually causes carbon dioxide levels
to rise well above required levels. Bags of hydrated lime are used to absorb excess CO2.
Lime requirements are 1 to 3 kg per 100 kg of product, depending on the product being
stored, storage time, surface area, and quality of the lime. Bags can be placed either
in single layers in the CA room or in an adjacent lime room that is connected to the
CA room with a fan and ductwork. Rooms should be sized to hold about 15 kg of lime
per ton of product. Lime is very effective in producing the low levels of CO2 that are
increasingly used in apple storage.

Carbon dioxide levels also can be controlled with activated-carbon adsorption sys-
tems, or molecular sieves. Molecular sieves tend to use more energy than activated-carbon
systems.

Relying on product respiration to remove oxygen is fairly slow, and the product
storage life can be increased if the oxygen is removed faster. Some operations purge
the CA room with nitrogen, purchased in liquid form or produced on site. One type
of nitrogen generator uses ammonia in a combustion process to consume oxygen and
produce nitrogen and water. Two other systems use a molecular-sieve process (pressure-
swing adsorption system) or semipermeable membrane to remove oxygen. Machines
that remove oxygen by combustion of natural gas or propane all produce carbon diox-
ide, which must be removed by another process. Incomplete combustion in these ma-
chines has caused explosions in CA rooms and carbon monoxide poisoning of
workers.

3.4.12 Monitoring Equipment

Oxygen and carbon dioxide levels must be monitored daily to ensure that they
are within prescribed limits. Traditionally, operators have used a time-consuming wet-
chemistry system. Automatic equipment now is used widely. It is more accurate than
the traditional system, provides a log of the data, and can be connected to a controller to
maintain proper gas concentrations automatically.

Temperature also should be monitored regularly. A minimum of two calibrated dial
thermometers should be installed in each room. One should be near eye level, with the
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dial located on the outside of the room. The other should be above the fruit and read-
able through an observation window near the ceiling. Electronic thermometers allow
easier observation of room temperature, and the data can be printed out easily for a
permanent record of operating conditions. Most new storages in the United States use
four probes (or more) per room. Some probes also can placed into bins to monitor fruit
temperatures.

3.4.13 Safety Considerations

The atmosphere in CA rooms will not support human life, and people have died
of asphyxia while working in CA rooms without breathing apparatus. A danger sign
should be posted on all doors. The access hatch in the door should be large enough to
accommodate a person equipped with breathing equipment. At least two people with
breathing equipment should work together at all times, one inside and one outside the
room watching the first person. The room must be thoroughly purged with outside air
before entering without self-contained breathing apparatus.

3.4.14 Refrigeration Equipment

Refrigeration equipment for CA facilities is the same as for any other cold storage
operation. Most CA storages are designed to maintain 0◦C at 95% relative humidity.
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3.5 Processing of Fruit and Vegetables
D. J. Hilton

3.5.1 Processing Options

A very wide range of techniques is applied to the processing of fruit and vegetables.
Some commonly are used for many types of horticultural produce; a few techniques are
unique to one or two types only. It must also be remembered that by various processes
(sometimes integrated, sometimes not) one type of fruit or vegetable may yield many
different products. Thus mangoes can be canned, dried, frozen, or made into puree,
sauce, chutney, pickles, concentrate, jam, edible “leather,” beverages, nectar, and panna.
Papaya provides jam, pickles, chutney, nectar, toffee, pectin, and also papain, an im-
portant protein-hydrolyzing enzyme used in the pharmaceutical, textile, paper-making,
food, and animal-feed industries. Coconut can be processed to produce oil, milk, cream,
desiccated coconut, pie fillers, soft cheese, meal, jam, soap, vinegar, nata de coco, toddy,
and additives for lubricants and printing inks; the husk and shell can yield fiber and
activated charcoal. Because of the large number of products, there is insufficient space
here for a comprehensive treatment. This section therefore describes briefly the more
common processes and those processes that pertain to some of the more significant
products.

3.5.2 Blanching and Lye-Solution Treatment

Blanching is a process that almost always is carried out prior to canning or freezing
vegetables. It also is used for a few types of fruit. It involves dipping the vegetables or
fruits into boiling water or suspending them in steam for 1.5 to 3 minutes. This process
can achieve a number of objectives. First, it kills microorganisms on the surface and in
the case of green vegetables destroys the catalase enzyme and inhibits the peroxidase
enzyme, both of which can produce off odors and flavors in storage. Second, it removes
air from intercellular spaces (assisting in the formation of a head-space vacuum in cans)
and softens tissues to facilitate filling containers. Sometimes, nutrient losses during
steam blanching are reduced by a preconditioning (drying) process in which the food is
exposed to warm air at 65◦C [1]. Blanching may or may not help to preserve the color in
green vegetables. Sometimes, blanching should be done at temperatures below 100◦C.
For instance, spinach blanched at 100◦C loses some color, but when it is blanched at
77◦C for 6 minutes, its color is fixed and is retained even after subsequent heating to
100◦C. Blanching also is used to crack and loosen the skins of tomatoes, sweet potatoes,
and beets prior to peeling.

Boiling lye solution (0.5%–1.5% sodium hydroxide) is used as a more vigorous
means of peeling and cracking skins. Prunes are prepared by dipping in lye solution for
30 seconds to crack skins in order to facilitate drying. Peaches are peeled by immersion
in lye solution for 1 to 2 minutes, while potatoes are immersed for 6 to 8 minutes. In
both cases, this is followed by blanching.
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3.5.3 Canning

Almost every type of fruit and vegetable is canned somewhere in the world, and
in industrialized societies the canning process is associated with processed fruit and
vegetables perhaps more than any other. In the case of some crops a greater tonnage is
canned than is eaten fresh. For instance, in the United States over 50% of the peach and
apricot crop is canned, and the same can be said of the bean crop in Europe. Most of
the pineapple produced in a number of countries goes into cans. Canning is extremely
valuable, because it enables fruit and vegetables of the customer’s choice to be consumed
year-round without the need for refrigeration. It also allows products to be exported that
could not be exported in fresh form due to transport limitations or quarantine regulations.
Because the can prevents the reentry of microorganisms completely, the life of the product
(even at ambient temperature) can be several years, provided the integrity of the seal is
maintained. In addition to the packaging of the sliced or whole product, canning also is
used as a means of packaging purees, nectars, juices, and beverages.

The canning process involves cutting, washing, blanching, and then hot-loading into
the can (which is usually made from tin-plated steel), which is then sealed. The can is
then held at a prescribed temperature for a given time to ensure that all microorganisms
are killed, before being quickly cooled. Some products are semicooked before canning;
others receive only the blanching or heat treatment to bring them up to the filling tem-
perature for canning (typically 85◦C). After the can is sealed, it is heat-treated, usually
by immersion in boiling water or in a pressurized steam retort [2].

3.5.4 Freezing

Freezing is a very popular and effective means of preserving many types of veg-
etable and needs little description. Prior to freezing, vegetables are normally blanched.
Although some cut and sliced fruits are frozen commercially (e.g., apricots), freezing is
generally not very effective for cut fruit because the fruit is susceptible to browning and
oxidation upon exposure to air. However, some whole fruits such as berries are frozen
satisfactorily.

3.5.5 Dehydration and Desiccation

Drying and Sulphuring
Drying is one of the oldest food processing and preservation techniques known to

man. Dried fruits in particular constitute a large and growing industry worldwide. The
essential feature of the process is to reduce the moisture content to a point at which
enzymatic or microbial damage no longer occurs.

Fruits (e.g., apricots, peaches) are halved and pitted and then laid out by hand on
wooden or plastic trays. Before they are placed in the sun to dry, or put into a high-
temperature drier, many fruits are first treated with sulphur dioxide, a process known as
sulphuring. The SO2 taken up by the fruit displaces the air from the tissue, softens cell
walls so that drying occurs more easily, destroys enzymes that might darken the color,
and actually produces some color enhancement. The SO2 usually is produced by burning
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sulphur at the inlet to a sulphuring chamber or cabinet in which the trays are stacked.
Most countries prescribe legal limits for the level of SO2 in dried fruits, commonly 2000
mg per kilogram (2000 ppm). With some varieties of plums, it is necessary to allow some
initial “wilting” in the shade before exposing them to strong sunlight, to avoid “boiling.”

In the case of solar drying, a moisture content of 15% normally has to be achieved
before the product can be packed. High-temperature drying is an alternative, or a combi-
nation of the two often is used. For instance, in the case of apricots, one day’s exposure
to the sun prior to high temperature drying at 50 to 60◦C can be beneficial in imparting
a sun-dried appearance.

To maintain maximum quality, dried fruits should preferably be stored at 10 to 15◦C.
Prunes are one product that is stored in the dry condition and later rehydrated for sale.
The prunes are immersed in boiling water and packed into sealed plastic pouches at a
temperature not less than 82◦C before cooling.

Freeze-Drying
In freeze-drying, the product is first frozen and then placed in a vacuum-tight en-

closure and dehydrated under vacuum with careful application of heat, the pressure
being kept substantially below 4.6 mm of Hg. The process has a number of advantages.
First, there is no reduction in volume, and as a result little change of appearance com-
pared with atmospheric drying. A further major advantage is that much more of the
nonaqueous volatile constituents, flavors, and so forth are retained. Freeze-dried foods
also rehydrate more rapidly than other dried foods. Although many vegetables can be
freeze-dried, one disadvantage is that freeze-dried vegetables are more susceptible to
oxidative deterioration than air-dried vegetables. A further disadvantage of this method
of drying is the capital cost of the equipment. The overall cost of freeze-drying is around
four times that of conventional drying [1]. Certain fruits have been freeze-dried, such as
papaya.

Desiccation
Desiccated coconut is a major product used in the confectionary industry as a bulking

material. Fresh coconuts are shelled whole and the outer brown skin or testa pared off
with a knife. The coconut water is drained away and the flesh is cut and washed and
then sterilized in boiling water or in steam blanchers at 88◦C for 5 minutes [3]. The
pieces then are shredded into a fine wet meal in a hammer mill and dried to 25% to 30%
moisture content in a steam-heated counterflow multistage drier at 77 to 82◦C for 40 to
45 minutes. Finally, the product is size-graded and packed.

3.5.6 Controlled Ripening and Degreening

A number of climacteric fruits, notably bananas, mangoes, papaya, pears, tomatoes,
and avocados are picked relatively green and are subsequently ripened by introducing
ethylene or acetylene gas, calcium carbide, or smoke. One advantage of this approach is
that it allows the fruit to be picked in the green mature state when it is less susceptible
to mechanical damage due to handling and transport. Controlled ripening also ensures
that a particular batch of fruit is more even in ripeness and color. A third advantage of
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artificial ripening is that it can be done close to the market, ensuring that the fruit is sent
to the retail outlet undamaged and at optimal ripeness.

The fruit to be ripened ideally is placed in an airtight ripening room maintained at a
constant temperature (18–21◦C for most fruits, but 29–31◦C in the case of mango). There
are two methods of exposing the fruit to ethylene. The trickle method involves trickling
the ethylene gas into the room so as to maintain a concentration of 10µL per liter,
usually for a period of 24 hours. During this time relative humidity is maintained at 85%
to 90%. The second method involves giving the room a single initial charge of ethylene
to a concentration of between 20 and 200µL per liter. The room then is ventilated
after 24 hours to prevent carbon dioxide exceeding a 1% concentration, which would
retard ripening. Rooms that are poorly sealed sometimes require a second charge after
12 hours. In modern practice, the fruit are packed in vented cartons stacked on pallets,
and fruit temperature is controlled by forced air circulation as in a cooling facility.

More traditional rural methods of ripening bananas and mangoes involve putting the
fruit into a pit in the ground or into a heap on the surface and covering with a tarpaulin or
branches. In some cases ripening is induced by placing small sachets of calcium carbide
among the fruit, which in the humid atmosphere produces acetylene. Acetylene has a
similar effect to ethylene but is required in at least 100 times the concentration. Another
frequently used technique is to expose the fruit to smoke produced by burning leaves or
wood. Ethylene thereby is produced as one of the products of incomplete combustion.
However, product quality may be reduced by this procedure, especially if immature fruit
is used.

Controlled degreening sometimes is carried out on citrus grown in the tropics. Many
citrus cultivars are mature before the green color disappears from the peel. The breakdown
of chlorophyll and production of a rich orange color requires exposure to low temperature
during maturation, and this explains why mature citrus frequently is sold green on markets
in the humid tropics, where even night temperatures may not drop much below 25◦C.
Degreening is carried out in ripening rooms, with the same ethylene concentrations as
above. The process may take 2 to 3 days, and it is again necessary to ventilate daily to
ensure that carbon dioxide levels do not exceed 1%. The most rapid degreening occurs at
temperatures of 25 to 30◦C but the best color (concentration of peel carotenoids) occurs
at 15 to 25◦C [4].

Ripening and degreening also may be carried out by spraying with or brief immersion
in an ethylene-releasing compound, such as ethephon.

3.5.7 Processing into Purees, Pastes, and Edible Leathers

Fruits such as tomato and mango are first peeled, destoned, and sliced, and the slices
pulped in a homogenizer. The pulp then is sterilized by raising the temperature to at least
75◦C (mangoes). The puree is then canned or sealed in polythene pouches for long-term
storage and marketing.

Fruit “leathers” can be made by sun drying or forced-air dehydration of a puree layer
on a thin plastic film. The dried product (typically from apricot or mango) has a bright
appearance, good flavor, and a chewy texture. The end product is popular as a snack food.
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3.5.8 Processing into Flour

A number of vegetable and fruit crops are used to produce flour, two of the major
ones being soybean and coconut. Approximately 95% of the soybean crop is grown for
processing. Most of this production goes into oil and high-protein flour. These high-
protein concentrates and isolates are used as additives for nutritional enhancement (the
important component being lysine, a particularly valuable amino acid). The concentrates
also are processed further to produce soy milk and soy cheese and are extruded or spun
to produce textured protein products for meat analogues.

Beans are first dried to 13% moisture content, cleaned, and then tempered by storing
at 10% to 12% moisture content and 25◦C for 7 to 10 days. This causes shrinkage, which
assists in the subsequent cracking and dehulling stages. The dehulled beans then are
conditioned by raising the temperature to 70◦C, thereby increasing the amount of oil
that can be extracted. The conditioned beans then are flaked by passing them through
rolls, which produce flakes having a thickness between 0.25 and 0.38 mm. Oil then is
extracted by the solvent process using hexane in a 1:1 ratio, the liquid being percolated
through the bed of soy flakes. The flakes that are left contain 1% oil, 7% water, and
35% hexane. The hexane is recovered by passing the flakes through steam. This also
serves to destroy antinutritional factors that are found in soybean, such as trypsin in-
hibitors. The flakes then are dried to 10% moisture content, toasted, and ground to a meal.
Protein concentrates are prepared by removing the soluble carbohydrates by an aqueous-
alcohol leaching process to give a product with 70% protein. Finally, isolates are pro-
duced by removing the insoluble carbohydrates with dilute alkali, yielding 96% protein
[5].

Coconut flour is made by a number of processes. In the Yenko process, the mature
nut is comminuted, then dried in a chamber at 80 to 100◦C, and the oil removed in a
press. The residual cake (at 1%–8% moisture) is ground into flour [3].

3.5.9 Juicing and Production of Nectars

Juicing is perhaps most typified by the citrus-processing industry, which produces
juice, concentrate, and citrus oil (the latter being derived from the peel). Citrus con-
centrate is produced in very large quantities by many countries and is traded as an
international commodity.

The juice first is removed by special extractors, being discharged with approximately
11◦ Brix (refractive index test for soluble solids) and a pulp content of 20% to 25%
by volume. Downstream finishers (horizontally mounted screen drums) reduce the pulp
content to 10% to 12% by volume. Centrifuges then are used to remove the trub particles
to whatever extent the market requires. For the single-strength juice market, the resultant
juice is pasteurized and bottled. For the concentrate market, this preclarified juice is
passed through evaporators. It takes 10 to 12 ton of fresh fruit to produce 1 ton of
concentrate with 65◦ Brix.

Frozen concentrate is considered to be a superior product, and it is made by concen-
trating juice under vacuum at room temperature to 56◦ Brix. Then 10% fresh juice is
added and the liquid is quickly frozen to−20◦C. The resulting concentrate of 44◦ Brix,
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which retains the taste and aroma of fresh juice, can be kept for long periods and when
used is diluted with three parts water [6].

To produce nectars, the fruits (typically peaches and apricots) are halved, pitted,
peeled, and then cooked and passed through a disintegrator or pulper. After adding syrup
and citric acid, the product is passed through a deaerator to prevent loss of color and
flavor. When canned, the cans are held at 88◦C for 3 minutes. If put into jars, the jars are
sealed and pasteurized at 100◦C for 20 to 30 minutes.

3.5.10 Aseptic Processing and Packaging

In contrast to canning, where the hot-filling and postsealing heat treatments are used
to produce commercial sterility, in aseptic processing both the product and the packaging
are made commercially sterile before the filling and sealing operations, and therefore
no postsealing heating is necessary. The objective is a product that is stable for 2 to 3
months, and preferably for 6 months, without refrigeration.

Prior to packaging, the liquid or semiliquid product is heated quickly to a temperature
at which it is commercially sterile and then cooled. The packages (e.g., coated cartons)
are subjected to a combination of chemical and heat treatment. Preformed cartons usu-
ally receive a spray of hydrogen peroxide solution. Sometimes this is supplemented by
ultraviolet irradiation. With many aseptic filling machines, as part of the process the car-
ton is formed continuously from coils of waxed-paper packaging tube. The packaging
material usually is dipped in a 35% hydrogen peroxide solution, and the surplus liquid
blown off by a jet of hot air.

The economic advantages of asceptic processing and packaging lie in the use of
packaging materials that are cheaper than metal cans and glass containers, the saving of
heat energy, and the preservation of flavors. With aseptic systems, there is continuous flow
of the product. Thus, with appropriate heat-exchanger design it is possible to raise and
lower the product temperature more rapidly, allowing sterilization at higher temperatures.
The higher temperatures are more effective in killing off relatively heat-resistant bacteria,
while the shorter exposure time results in reduced loss of flavor, color, and nutrients [7].
This is sometimes known as high-temperature/short-time processing.

3.5.11 Minimal Processing for Retail and Fast-Food Outlets

Minimally processed fruits and vegetables are those that may have been cleaned,
peeled, cut, sliced, and packaged in such a way as to retain their fresh appearance.
They can be classed as “convenience foods,” typical examples being fruit slices, mixed-
vegetable selections, coleslaw, shredded lettuce, and salads. Compared with other pro-
cesses in which the product is made stable and is given a long shelf life, minimally
processed fruits and vegetables are highly perishable. They are vulnerable to enzymatic
and bacteriological breakdown and are therefore a health risk if not prepared and stored
properly. Nevertheless there has been a growing demand for such products, with an an-
nual market value of around US$4000 to 8000 million in the year 2000. In some cases
in which importation of fruit is prevented due to fruit-fly infestation, the importation of
fruit segments may be possible, opening up a potentially large market.
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Table 3.30. pH of some
tropical fruits

pH Level

Durian 6.7
Jackfruit 4.6–5.2
Mangosteen 3.0–3.2
Pineapple 3.5–4.0
Papaya 5.3
Pummelo 3.7–3.8

Source: [90].

Minimal processing poses a number of potential problems. Firstly, cutting and peeling
allows substances such as the enzyme polyphenol oxidase within the cell to come into
contact with the atmosphere, causing the well-known phenomenon of browning of the
tissue. The release of sugar, acid, water, and so forth caused by cutting also provides
a source of food for microorganisms to grow rapidly. This can be kept to a minimum
by ensuring that knives are kept sharp. Removal of these substances by rinsing with
fresh water or chlorinated water (200–300 ppm chlorine) is therefore recommended.
Traditionally, sulphites have been used to inhibit browning, but these are now prohibited
in many countries. Ascorbic acid has been used successfully in some cases. Sometimes
microbial growth can be inhibited by the use of edible coatings [8]. In some fruits,
lignification of the cut surface occurs as a natural response mechanism to protect the
fruit or vegetable from microbial attack. This can change the appearance of the surface
and result in adverse customer reaction.

Selection of the correct plastic packaging is very important, in order to minimize the
aerobic respiration rate without leading to anaerobic respiration. To avoid condensation
within the package, it is important that the product be cooled before being packed. Toxin-
producing pathogens such as salmonella and listeria can present a potential problem, but
this can be avoided by maintaining a pH of 4.6 or lower, at which the bacteria cannot
multiply. Many tropical fruits naturally have a pH of less than 4.6, but durian, jackfruit,
and papaya are exceptions (Table 3.30). Their preparation must therefore be done under
especially hygienic conditions.

Modified-atmosphere packaging (MAP) plays a significant role in the life of mini-
mally processed vegetables. Preservation systems that use MAP can give shredded lettuce
a life of 11 to 15 days at 1 to 4◦C, and cut florets of cauliflower and broccoli a life of at
least 21 days [10]. Preservingmixturesof cut vegetables is generally more difficult than
preserving single products. A particular treatment and MAP film may be optimal for
one type of vegetable but may be less than optimal for another. Packages of mixed cut
vegetables therefore may have a shorter storage life than those of their individual com-
ponents. Although minimally processed products normally are associated with a short
shelf life, some researchers claim that a number of fruits can be stored in sliced form for
periods of 8 to 16 weeks in MAP at 1◦C. It must be stressed that to achieve these storage
lives, fruits were given very specific pretreatments before being sealed in their packages.
A preservation procedure for cut and segmented fruit pieces has been developed [11]
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that claims that sliced mango can be stored in MAP at 5 to 9◦C for up to 12 weeks and
papaya for up to 16 weeks—in the case of papaya, the fruit pieces were dipped in 5%
citric acid and the package flushed with 15% to 20% oxygen and 3% helium balanced
with nitrogen before sealing. A range of single films and film combinations is available
for MAP, and a range of techniques is associated with them [12].

In the tropics, certain of the larger fruits such as durian (2–4 kg per fruit) and jackfruit
(5–20 kg per fruit) are difficult or messy to open, and so they are traditionally cut open
by the retailer and the pulp or fruit segments sold individually or in small trays. In the
absence of MAP, durian pulp can be stored at 4◦C for up to 40 days [13], and it is claimed
that jackfruit segments can be stored successfully for up to 14 days at 5◦C [14].

3.5.12 Fermentation into Alcoholic Beverages, Vinegar, Sauces and
Other Products

Fermentation occurs naturally in the presence of bacteria, yeasts, and molds. Bacteria
produce acids, which tend to act as preservatives; yeasts produce alcohol, which is also
a preservative.

In addition to wine production from grapes (covered in a subsequent section) many
fruits are fermented to produce alcoholic beverages, including apples (to produce cider),
pears (to produce perry), bananas and a wide variety of berry fruits (to produce wines and
liqueurs). Traditional alcoholic-beverage preparation relies on the naturally occurring
yeasts and sugars to initiate the fermentation process. In commercial processing, these
yeasts and other microorganisms first are controlled by treatment with sulphur dioxide,
and the juice then inoculated with a chosen, desirable yeast culture. Care is taken not to
expose the inoculated juice to the air during fermentation.

The most common type of vinegar produced from fruit material is cider vinegar. Apple
juice is first fermented to form raw cider, after which it is clarified and allowed to stand for
at least a month. Then in the acetification process, acetobacter bacteria and nutrient salts
are added to produce a second (acetous) fermentation yielding acetic acid. In North Amer-
ica and the United Kingdom, the minimum legal strength for vinegars is 4% acetic acid
w/v (weight in volume). Traditional methods of acetification employ the Quick packed
generator, a container packed with beechwood shavings, providing a large surface area for
the acetobacter to cover. Air circulates upward through the shavings, while the cider trick-
les down and is continuously recirculated. The conversion rate is about 1% every 24 hours.
Faster production rates are achieved by employing a submerged culture fermenter (Frings
type or tower type), in which air is continuously bubbled up through the must by a vortex
stirrer at a rate of 100 to 250 L/min per 100 L of liquid [15]. Feedstock is added continu-
ously at the bottom of the container and vinegar is drawn off at the top, making it a contin-
uous process. Throughput is roughly double that of the packed generator for the same size.
The vinegar is then clarified by filtering, diluted with water to 5% acetic acid, and pas-
teurized at 65 to 85◦C before hot-filling into bottles or cold-filling into plastic containers.

Fermentation of legumes and legume–rice mixtures has been practiced in Asia and
parts of Africa for centuries. The fermentation breaks down the carbohydrate to acid. One
of the effects of fermentation is to make more of the nutrients available for assimilation
in the form of amino acids, thus improving the digestibility of the legume protein. This
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can make a significant difference to the adequacy of the diet for people who receive a
low food intake.

In many countries, soybeans are inoculated with different types of bacteria, yeast, or
mold cultures according to local tradition. Soy sauce (calledshoyuin Japan) is a very
popular sauce around the world but particularly in Asian countries. It is made by the initial
fermentation of soybeans and wheat at fairly high salt levels for 72 hours, sometimes fol-
lowed by a final slow fermentation over a 3-month period. In Indonesia, tempeh is made
by fermenting soybeans with the rhizopus fungus. For almost two thousand years, koji
has been made in China and Japan by fermenting soybeans with the aspergillus fungus.

3.5.13 Processing into Jams, Pickles, Chutneys, and Sauces

Four naturally occurring edible preservatives in very common use are sugar, vinegar,
salt, and vegetable oil. Jams are made by boiling fruit in a sugar syrup until the liquid
becomes relatively stiff. Sometimes additional pectin is added to cause the jam to set
to a stiffer consistency upon cooling. The jam is poured into clean, sterilized containers
while hot, sealed airtight, and then cooled. In some cases it also is desirable to cover the
surface of the jam with a thin layer of wax.

Pickling of vegetables and unripe fruit (such as papaya and mango) usually involves
some heating with the addition of spices, sugar, and other flavorings, followed by immer-
sion in vinegar (acetic acid) or oil in glass jars. Onions, beetroot, and raw papaya slices
usually are pickled in vinegar. Raw mango slices are pickled by first removing some of
the moisture with salt, adding a partially ground mixture of spices such as coriander,
fennel, cumin seeds, tumeric, garlic, and red chillis; and then putting them in jars and
covering them with mustard oil.

Chutney is essentially a spicy jam and can be made from a range of fruit and vegetables,
such as papaya, mango, apple, raisins, tomato, and onion. The ingredients are boiled
together with spices and sweeteners, and maize and starch thickeners are added to make
the product stiff upon cooling.

Powdered salt or brine is used to preserve some fruit and vegetables. Unpeeled raw
mango slices can be kept in powdered salt in polyethylene pouches for 2 months, or
alternatively in brine for 6 months.

3.5.14 Oil Production

Of the many types of oil that can be made from fruits, vegetables, and nuts, five
are very significant in terms of world production and are traded as major commodities.
In 1995 and 1996, of the nine major edible oils (in order: soybean, palm, rapeseed,
sunflowerseed, cottonseed, peanut, coconut, palm kernel, and olive oil), soybean oil
accounted for 28% (20 million metric tons), palm oil accounted for 21.9% (15.5 million
metric tons), coconut oil accounted for 4.3% (3 million metric tons), palm kernel oil
accounted for 3% (2.1 million metric tons), and olive oil accounted for 2.1% (1.5 million
metric tons).

Soybeans are first processed as described previously to produce conditioned flakes
having a large surface area. Oil then is extracted by the solvent process using hexane in a
1:1 ratio, the liquid being percolated through the bed of soy flakes. Themiscella(oil and
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solvent), which leaves through a mesh screen, contains 25% to 30% oil. This is passed
through a two-stage evaporator, where steam-heated tubes cause most of the hexane to
evaporate and then steam removes any residual solvent. The final liquid is 99.8% crude
soybean oil. The oil then is passed through the further processing stages of degumming,
neutralizing, bleaching, and hydrogenation to remove phosphatides, free fatty acids, iron,
beta-carotene, and chlorophyll. Hydrogenation also improves the stability of the oil and
raises the melting point, making it more suitable for the manufacture of margarine and
shortening. The final stage is deodorization. In its simplest form, the process involves
bubbling low-pressure steam at 170 to 230◦C through the warm oil to remove volatiles.
A more complex continuous process involves first deaerating the oil under vacuum and
then passing it into a column containing a cascade of trays heated to 250◦C by an upward
countercurrent of steam. A steam ejector system maintains a pressure of 6 mm of mercury
to enhance volatilization and protect the quality of the oil [16].

In the case of palm oil, bunches of palm fruits are sterilized with steam under pressure
at 130◦C in large horizontal tubular sterilisers for 40 to 60 minutes. The fruits then are
stripped off the bunches in stripping machines of the beater-arm type or rotary-drum
type. They are put into a digester, where they are heated to 95◦C. About 50% of the oil is
released at this stage and collected. The resulting mash leaves the digester and is passed
through a screw press, which extracts the remainder of the oil. The crude oil is passed
through screens, then through a heat exchanger that raises the temperature to 85 to 90◦C,
and finally into a clarification tank, where the oil rises to the top and a sludge is removed
lower down.

Coconut oil is produced by a number of both dry and wet processes [17]. On large
commercial scale, coconut oil is made from copra. Copra consists of large pieces of
coconut meat dried down to a moisture content of about 6%. It usually is made locally
on or close to the plantation and then collected and transported to the processing factory
or exported for processing overseas. To make copra, fresh nuts or nuts harvested and
stored for up to 4 weeks are dehusked and deshelled, either manually or by machine.
They then are dried in one of several types of drier. Split into halves, they can be solar-
dried or dried in a direct or indirect drier. In the direct drier, hot flue gases pass through
the coconut, causing it to be smoked as well as dried. The smoke produces impurities in
the final product but assists in preventing the growth of molds that are responsible for
producing aflatoxins.

In large centralized oil mills, the copra is comminuted in a size reduction unit or
hammer mill, heated, and then passed through a high-pressure single-screw or twin-
screw expeller (pressure approximately 70 MPa). The extraction efficiency for the first
pressing is 55% to 70%. In some plants the cake is passed through the press a second
time. The residual oil present in the cake is removed by a solvent-extraction process,
using hexane. Finally the oil is deodorized and refined.

A number of smaller-scale processes are used that by-pass the copra phase. Traditional
methods involve the grating of fresh coconut meat and squeezing it to produce cream (a
suspension of oil in water). The oil then is obtained by boiling off the water. Another
method involves frying the grated meat on a hot plate to drive off the water before
squeezing. More advanced biochemical methods involve the use of enzymes or bacteria
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that react with the grated meat, causing quality oil, water, and protein extract to separate
out after 48 to 72 hours. Superior-quality oil (with less than 0.2% free fatty-acid content)
can be produced by using a moisture-assisted process, in which fresh grated coconut is
dried down to 10% moisture content and pressed at low pressure (2–3 MPa).

3.5.15 Soaking to Remove Toxic and Indigestible Substances

Many legumes (e.g., soybean) contain antinutritional substances such as trypsin in-
hibitors, cyanogenic glucosides, alkaloids, saponins, and haemaglutinin which can cause
stomach disorders. Cassava (manioc) contains small quantities of the glucosides lina-
marin and lotaustralin, which are converted to hydrocyanic acid (prussic acid) when
they come into contact with the enzyme linamarase, which is released when the cells of
roots are ruptured. These undesirable chemicals are rendered inactive or leached out by
soaking in water, sometimes with the addition of heat.

3.5.16 Irradiation

Ionizing radiation treatment has four potential uses, namely the disinfestation of insect
pests, extension of shelf life by retarding ripening and sprouting, inhibition of rotting,
and disinfection of material affected by harmful organisms such as salmonella.

Although effective in dealing with insect pests, irradiation is not used for this pur-
pose commercially on any significant scale, and it still is more expensive than alterna-
tive chemical and heat treatments. Irradiation currently is used mainly for inhibition of
sprouting in potatoes and onions. At present Japan makes the widest use of irradiation for
these products. Sprouting is inhibited by a dose of 0.02 to 0.15 KGy, and at this level it has
little effect on sugar level, flavor, or texture. Because of the high capital costs, the process
still is more expensive than inhibition using chemical treatments such as chlor propham
or maleic hydrazide. One unfortunate side effect in the case of potatoes is that irradiation
at the levels used to inhibit sprouting also inhibits the light-dependent development of
chloroplasts in the outer cell layers of the tubers. This can represent a hazard for the
customer, because potatoes exposed to light in transparent bags continue to produce the
harmful substance solanine but give no indication of this by showing no signs of greening.

Attempts to inhibit rotting and ripening of fruit by the use of irradiation and thereby
to increase shelf life have met with limited success. It is claimed that rotting can be
prevented in strawberry, tomato, and fig, and that ripening can be extended in banana,
mango, papaya, and apricot [18]. However, the effect of irradiation on fruits varies
not only among fruits but also from cultivar to cultivar. Irradiation extends the life of
some cultivars of mango, for instance, but shortens the life of others. In some cultivars it
prevents ripening altogether and can produce skin blemishes. Irradiation tends to produce
an overall softening of fruit that is different from the selective softening that occurs during
the natural ripening process [19]. Irradiation is used on a significant commercial scale
for disinfection of a range of spices.

Health concerns, in particular the relatively unknown effects of free radicals and other
chemical changes produced by the irradiation process, will continue to put limits on the
application of irradiation to foods. Use of plastic packaging materials that are irradiated
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at the same time as the product must be monitored carefully, because irradiation causes
some plastics (e.g., PVC) to break down into toxic substances.

3.5.17 Equipment for Physical Processes (Unit Operations)

Size-Reduction Units
Chopping, cutting, slicing, dicing, julienning, and shredding are carried out with a

range of cutting elements. Slicing is done by rotating or reciprocating blades as the
product passes beneath. In the dicing operation, the material is sliced and then cut into
strips by a series of rotating blades. The strips are then cut into cubes by a further set
of knives acting in a perpendicular plane. Shredding is performed either by multiple
rotating knives (in a machine similar to a hammer mill, but with the hammers replaced
by knives) or in a squirrel-cage shredder, in which the product is made to pass between
two contrarotating cylindrical cages, both fitted with knives.

Homogenizers and Colloid Mills
Homogenizers come in a number of designs. In pressure homogenizers, a high-

pressure pump operating at 10 to 70 MPa feeds the liquid through a poppet valve with the
poppet set to produce a gap of 300µm. The rapid drop in pressure and sudden change
in velocity produces turbulence that reduces the globule size. In some equipment, the
high-velocity jet is made to impinge on a breaker ring to achieve a better result. A second
type of homogenizer (used for ice cream, salad creams, and essential oil emulsions) uses
ultrasonics. The dispersed and continuous phase of an emulsion are together pumped
through an orifice with a pressure of 0.3 to 1.4 MPa, where they impinge on a metal
blade that is made to resonate at 18 to 30 kHz. Resonance of the blade can be caused by
the jet of fluid or by an electromechanical transducer.

Colloid mills are essentially disc mills, with one disc stationary and one disc rotating
at 3000 to 15000 revolutions per minute. The small clearance between them (0.05–1
mm) produces high shearing rates and forces, as the fluid travels from the center to the
outer periphery. Colloid mills are particularly suitable for high-viscosity liquids. The
discs may be flat, conical, or corrugated or have other asperities on them that are suited
to processing a particular material.

Juice Extractors
Two types of juice extractors are used. The first is a mechanized and automatic version

of the standard kitchen lemon press, for which the fruit is cut in half and squeezed against
a ribbed hemisphere. In the second type, the whole fruit is held between a lower and
an upper cup, while cutters in the center of both cups begin to cut plugs in the fruit.
Pressure then increases on the fruit, forcing the material through the bottom plug and
into a prefinisher tube. The peel then is discharged between the upper cup and the cutter
(see Fig. 3.35). The juice and juice sacks then pass through small holes in the finisher
tube, while larger particles are discharged through the bottom of the tube.

Centrifugal Clarifiers
Clarifiers are used to separate solids from liquids. The simplest form of clarifier is the

cylindrical-bowl type. The liquor to be clarified (usually with a maximum of 3% w/w
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Figure 3.35. Juice extractor.

solids) is introduced into the bowl, and solids form a cake on the bowl wall. When the
cake has built up to a given thickness, the bowl is drained and the cake removed through
an opening in the bottom of the cylinder.

Liquors that have a higher solids content are clarified using centrifuges that have
bowls of a biconical shape. They are of two types, nozzle centrifuges and discharge
centrifuges. The nozzle type has small holes at the periphery of the bowl, through which
solids are continuously discharged. In the valve type, the holes are fitted with valves.
These valves periodically open for a fraction of a second to discharge the solids that have
accumulated. Figure 3.36 shows a section of a biconical clarifier [20].

Filters
A very common type of filter is the plate-and-frame filter press (see Fig. 3.37). Cloth

or paper filters are supported on vertical plates, a number of which are clamped together
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Figure 3.36. A section of a biconical clarifier.

Figure 3.37. Plate-and-frame filter press.

depending on the filter capacity required. The feed liquor is pumped into the press under
pressure. Having passed through the filter cloths, it flows down a number of grooves
in the surfaces of the plates and drains out through an outlet channel at the bottom. As
with all filters, as a bed of particles collects on the filter cloth, the pressure required to
maintain the flow increases. Once the pressure has increased to a predetermined value,
the plates are back-washed with water. To remove the cake fully, the press is disman-
tled, the plates cleaned, and the press reassembled. This is obviously a time-consuming
operation.

Another type of filter is the shell-and-leaf pressure filter. It consists of meshing leaves,
which are supported on a hollow frame. The mesh is coated with a filter medium. The
leaves are enclosed in a pressure vessel. In some of the more expensive designs, the
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Figure 3.38. A section of rotary-drum vacuum filter.

leaves are made to rotate to even out the deposition of particles. Feed liquor is pumped
into the pressure vessel, and solid particles collect on the filter medium. When the filter
is choked with cake, the cake is blown off or washed from the leaves. Thus the cleaning
is much less labor-intensive than for plate filter presses.

Rotary-drum vacuum filters are able to work continuously (see Fig. 3.38). They
consist of a cylindrical drum that rotates slowly about a horizontal axis and is roughly
50% submerged in a bath of liquor. The drum is divided into a number of shallow airtight
compartments, each compartment being covered in filter cloth and connected to a central
vacuum pump. As the drum rotates, cake builds up. When the cake layer lifts out of the
liquor, it is washed and drained. When each compartment reaches a certain position,
the vacuum is removed and air pressure applied to loosen the cake. Finally the cake is
scraped from the filter cloth on a continuous basis [1].

Presses

Ram Press
The ram press is a batch press, frequently used for small-scale oil extraction or grape-

juice expression. Pulp or oil-bearing material is placed into a heavy-duty perforated
metal cylinder or slatted cage and a pressure plate forced down onto the material by a
screw or hydraulic mechanism. In some instances, the pulp or oil-bearing material is
held in a cloth bag. Liquid flows through the perforations or slots and is collected.

Roller Press
Roller presses allow fruit pulp to be pressed on a continuous basis. The pulp passes

between two heavy fluted metal rollers. The rollers also may be hollow and perforated.
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Figure 3.39. Section of screw press.

Juice is expelled along the flutes or through the perforations, while the cake is removed
from the rollers by scraper blades. With this type of press, high pressures can be achieved
if required.

Belt Press
A further development from the roller press is the belt press. The belt (normally

plastic) passes over two stainless-steel cylinders, one of which is perforated. Fruit pulp
is loaded onto the inside of the belt and is squeezed between the belt and the perforated
cylinder. Juice is expelled through the perforations, while the press cake is scraped off
the belt at the other end.

Screw Press (Expeller)
Screw presses consist of a stainless-steel helical screw inside a strong housing (Fig.

3.39). The pitch of the screw decreases towards the outlet end, resulting in a gradually re-
duced flow area and an increasing pressure applied to the pulp. Holes in the cylinder allow
the juice or oil to escape. At the outlet end, the flow is choked by a conical plug that can be
adjusted to vary the pressure exerted by the screw. The screw mechanism causes consid-
erable friction, resulting in heavy power consumption and heating of the material. Higher
temperatures usually improve oil-expelling efficiency by reducing viscosity, and so this
heating is beneficial. Additional heating sometimes is used by wrapping electrical heaters
around the cylinder. Some of the larger screw presses have twin, contrarotating screws.

Extruders and Extrusion Cookers
Extruders generally are similar to expellers insofar as they are normally of the single-

screw or twin-screw type, demanding high energy input and sometimes generating con-
siderable frictional heating. At the outlet, they have a die of the required shape, through
which the material is forced, and then rotating knives (or a guillotine) cut the extrusion
to the right length or shape. Thus strips, rods, tubes, spheres, doughnuts, squirls, and
shells can be produced. Frequently the extruded material subsequently is sprayed with
sugar solution or flavoring.
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Figure 3.40. Continous steam blancher.

In cold extrusion, the extruder has a deep-flighted screw that rotates at 30 to 60
revolutions per minute. It is used for soft, doughy material that produces little heat.
Special dies can be made to inject a filling into an outer shell, a process known as
coextrusion. In extrusion cookers, the food is heated within the extruder by a steam-
jacketed barrel or a steam-heated screw. The residence time is longer (30–90 sec). The
rapid release of pressure as the material emerges from the die causes sudden expansion
of steam and gas within the material, yielding a highly porous, low-density product.

3.5.18 Equipment for Thermal Processes (Unit Processes)

Blanchers
Blanching can be done by either a batch process or a continuous process. Figure 3.40

shows a sketch of a continous steam blancher.

Steam-Heated and Water-Heated Kettles
Heating of liquids and slurries frequently is done using stainless-steel kettles, which

consist of a hemispherical pan having a jacket around them through which saturated
steam or hot water is passed.

Evaporators and Dehydrators

Open and Closed Pan Evaporators
These are essentially similar to the kettles described previously and can be steam-

heated or heated by gas or electric heating elements. They are cheap but relatively
energy-inefficient and labor-intensive.

Short-tube Evaporators
These are essentially tube-and-shell heat exchangers. The heat exchanger contains

a vertical bundle of tubes inside a vessel or shell. Steam condensing on the outside of
the tubes heats the feed liquor, which rises up through the tubes, boils, and recirculates
through a central passage called adowncomer.

Long-tube Evaporators
These consist of a vertical bundle of tubes encased in a steam shell which can be up

to 15 m high. Liquid is introduced into the evaporator at just below boiling point. Within
the tubes, boiling commences and the expansion of steam forces a thin film of liquor
along the walls of the tubes, rapidly concentrating as it goes. For heat-sensitive, viscous
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liquids the feed is introduced at the top of the tube bundle. This type of evaporator is
relatively energy-efficient, and it is widely used for citrus-fruit juices.

Other evaporator types include the external calandria type, forced-circulation type,
plate type, expanding flow type, and mechanical thin-film evaporators [2].

Retorts and Sterilizers
Retorts are pressurized containers in which canned products are sterilized or heat

processed. With this batch process, the cans are loaded into the retort in a special cage,
and the retort sealed with a gastight lid. Saturated steam is introduced into the retort, and
as it condenses onto the outside of the cans the latent heat raises the temperature of the
contents rapidly. After heat treatment, cooling water is passed through the retort. Once
the product temperature has dropped below 100◦C, the pressure is released and cooling
continues to 40◦C.

Batch-type retorts havecertain advantages but are labor-intensive. Continuous-pressure
sterilizers are in use with capacities well above 1000 cans per minute.

Heat Exchangers

Plate Heat Exchangers
These are widely used for pasteurization of low-viscosity liquids such as fruit juices.

They consist of a series of thin vertical stainless-steel plates held tightly in a rigid
frame. The gaps between the plates form narrow channels, and alternate channels are
connected together in parallel. The liquid to be sterilized is passed through one set of
alternate channels, while the heating medium (steam or hot water) is passed in between.
The inlets and outlets are arranged to form a counterflow pattern. Plates usually are
corrugated to cause fluid turbulence, thereby reducing the thickness of the boundary
layer and increasing the rate of heat exchange.

Shell-and-Tube Heat Exchangers
This type of heat exchanger frequently is used as an evaporator and is described in a

previous subsection.
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3.6 Fruit and Vegetable Postharvest Systems in the Tropics
C. J. Studman

3.6.1 Relevance of Postharvest Engineering for Fruit and Vegetables
in the Tropics

Tropical countries can produce a wide range of food products that have the potential
to supply both their domestic and overseas market needs [1]. As we move into the 21st
century, there is every opportunity for producers to take advantage of the increasing
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Table 3.31. Production of selected crops in 1993–1994 and
1984–1985 (in millions of tons except wine)

Developing

World World Countries

Year Total Export Total Export

Oranges 1984/5 40.2 3.57 27.3 1.57
1993/4 53.8 4.40 36.4 1.27

Lemons 1984/5 5.1 0.92 2.8 0.25
1993/4 7.5 0.98 5.0 0.34

Tangerines 1984/5 6.7 1.09 2.3 0.30
1993/4 9.4 1.88 4.6 0.56

Grapefruit 1984/5 3.7 0.66 1.1 0.29
1993/4 4.5 0.96 1.7 0.23

Wine (106 hL) 1984/5 319.9 53.3 29.5 3.0
1993/4 252.5 49.0 32.5 2.1

Tobacco 1984/5 6.2 1.4 4.1 0.75
1993/4 7.7 1.66 6.1 1.04

Bananas 1984/5 — 6.78 — 6.34
1993/4 113.0 28.7 71.9 17.5

Coffee 1984/5 5.8 3.92 5.8 3.9
1993/4 5.4 4.7 5.4 4.4

Rice 1984/5 470.0 11.4 444.0 8.6
1993/4 531.8 15.7 502.8 12.3

Wheat 1983/4 513.3 — 207.7 —
1993/4 534.8 93.0 250.1 9.0

Tea 1984/5 2.2 0.94 1.9 0.94
1993/4 2.6 1.14 2.4 1.14

Coarse grains 1984/5 857.8 — 285.3 —
1993/4 885.1 83.0 339.0 17.5

Sources: [4, 5].

demand for a range of quality food products. Developing markets for tropical crops that
are unknown in developed countries offers tropical countries a great opportunity to take
advantage of the current desire for a wide variety of healthy foods. For example, such
crops could include baobab, wild mango, African fan palm, African ebony, breadfruit,
tamarind, wild loquat, feijoa, tree mallow, starfuit, jackfruit, and soursop [2, 3]. World
production levels of some crops are given in Table 3.31. This table indicates the rapid
growth in fruit sales, compared with more traditional products. Vegetable production
follows a similar trend.

The principles and information provided in the earlier parts of this chapter apply
equally well in the tropics as elsewhere. However, there are additional challenges. Spe-
cific postharvest engineering designs based on tropical conditions have been produced
by a number of institutes and organizations, as discussed subsequently.

3.6.2 Crop Losses in the Tropics

Estimates of crop losses in the tropics vary dramatically from country to country.
Although grain losses are put at around 25% in less-developed countries, wastage of fruit
and vegetable crops has been estimated to be around 50% of production [1]. This is a huge
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Table 3.32. Percentage crop losses
in developing countries

Estimated Loss of
Total Crop

Apples 14
Avocados 43
Bananas 20–80
Cabbage 37
Carrots 44
Cassava 10–25
Cauliflower 49
Citrus 20–95
Grapes 27
Lettuce 62
Papayas 40–100
Plantain 35–100
Potatoes 5–40
Onions 16–35
Raisins 20–95
Stone fruit 28
Sweet potatoes 35–95
Tomatoes 5–50
Yams 10–60

Sources: [6, 7].

loss and represents an enormous waste of resources and opportunity. In contrast, losses in
developed countries are generally around 10% to 25%. Examples are given in Table 3.32.

There can be many reasons for losses. The existence of and access to a suitable
market outlet at an economic price, knowledge of postharvest principles, available storage
facilities, availability of labor, good handling systems, and good product management
are all essential components of the successful utilization of fruit and vegetables, and
only if all these factors are present can losses be reduced significantly. Good postharvest
practices can reduce losses substantially, but implementation requires good education,
good systems, good management, and the availability of resources. Preharvest practices
are discussed elsewhere [6, 8].

3.6.3 Marketing Issues for Less-Developed Countries

Fruit and vegetables contain most of the mineral and vitamin needs for humans. By
reducing postharvest losses, there is the potential to almost double the nutritional supply
without another green revolution, and without further additions of fertilizer, irrigation,
or even land area.

However, political and sociological factors may determine whether a producer wishes
to become involved in these markets. There is a considerable risk factor, and producers
must consider the balance between risk and return.

On the domestic market there are a number of challenges and pitfalls, particularly
in marketing quality products [9]. Projects involving government-fixed pricing, food
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processing of surpluses, mechanization, national grading standards, long-term storage,
high-quality handling and packaging systems, and government-run operations all have
resulted in costly failures at times in less-developed countries [9]. Improving quality
will be successful only if there is a potential market able to pay higher prices for quality
products. Local domestic markets may not recognize the nutritional value of fruits and
vegetables [9–18]. Competitors may force prices down below economic levels.

In addition, the international marketplace is highly competitive, and returns in one
year cannot be guaranteed the next year. Suppliers are dependent on the marketing in-
frastructure in the overseas market, and this requires investment and expertise. Consumer
preferences can be affected by adverse advertising arising from relatively minor failures
of quality-control systems somewhere in the postharvest chain, and the failure may be
outside the control of the producer. Marketing chains require guaranteed supplies of
quality product, which is a challenging demand for any biological product for which
yield is related to uncontrollable factors such as climate, rainfall, pest incidence, and any
other disturbances to the production cycle, including political and sociological factors.
Growers and producers normally must place the importance of providing quality product
for the international market above the needs of the domestic market. The local market
may become the outlet for second-grade product. However, as the industry strives to
meet international standards, the overall quality of product has to improve, so domestic
market quality also can benefit from international marketing.

3.6.4 Engineering Challenges to Postharvest Systems in the Tropics

Temperature
As discussed earlier, temperature is one of the major factors in quality loss after

harvest. It is essential to cool fruit and vegetables as quickly as possible to the lowest
temperature they can sustain without chilling injury (see Section 3.2). Unfortunately,
many tropical products begin to experience this physiological disorder at around 10
to 13◦C, and so this sets a lower limit to the storage temperature. Values of recom-
mended storage temperatures are listed in the Appendix, Table 3.A3. There has been
some evidence to suggest that in some fruits, chilling injury can be reduced by an
initial hot-water treatment (a few minutes in water at around 45◦C) [19, 20]. This may
enable storage of fruit at lower temperatures. For some products, particularly local cul-
tivars of tropical fruit and vegetables, storage and handling requirements are unknown.

Where conventional refrigeration systems are available these should be used (see
Section 3.4). In some regions, cool stores may need to be designed to allow for lengthy
mains power failures. Back up power generation also may be needed. In many less-
developed countries, most producers do not have access immediately to sufficient cool-
storage space. Traditional home-storage methods should not be ignored, as these have
evolved from practical experience with the particular crop cultivars grown in the region
and are tuned to the local environmental conditions [2, 3, 18, 21–26]. However, the
treatments may be cultivar-specific, and modification may be necessary for new varieties.

Some vegetable crops (mainly root crops) have appreciable periods of dormancy be-
fore the normal aging process continues. Yams, potatoes, beets, carrots, and onions can
be stored for lengthy periods without cool storage, although the extent depends on the
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cultivar. Some are best left in the soil, where temperatures are cooler, providing the soil
is not too wet and the crops are protected from attack by animals. Onions and garlic can
be stored hung up using twine in shaded areas. Other vegetables, such as peas and beans,
can be dried. Leafy vegetables, including brassicas, fruits, and other vegetables deteri-
orate rapidly after harvest, and preservation processes such as sun drying or domestic
processing using sugar, brine, or vinegar are effective. Fermentation processes also can
be used to preserve cabbage, breadfruit, radishes, cassava roots, taro, and green bananas.
Some fruits can be sun-dried (e.g., coconut copra, herbs, and spices).

Options for reducing temperature without conventional refrigeration are described in
the following subsections.

Ventilated Stores
Suitable for crops with long storage lives, these should be built where the night-time

air temperature is low during the storage period, and where the best breeze can be found.
The building should be orientated to make use of the breeze as much as possible. If night-
time temperatures are very low, hot-air in-flow during the day can be reduced with louvres
or screens. The roof and walls should be well insulated: Grass thatch materials also can
be wetted to produce evaporative cooling. Alternatively, white paint on exterior surfaces
reduces absorption of heat. Double-skinned walls also are better than single-layer walls.
Ventilation between walls and roof and under the floor also is needed [24–26].

Root crops can be stored on the ground in simple clamps, consisting of a long triangular
pile of the product 1 to 2 m wide, covered by straw and soil layers, and with adequate
provision for water run-off. Ventilation also is provided by making a triangular open
channel at the base of the pile in the center and running the length of the pile. This
central duct may need vertical chimney vents at regular intervals (see Chapter 2).

Local Features
Caves can be used in regions in which they remain cool throughout the storage period.

Fruit and vegetables can be stored longer if they are kept in stores on high ground, where
air temperatures are lower. Cold running water also can be used to remove heat.

Postharvest Procedures
Keeping crops cool can be achieved by very simple means. If crops are harvested just

before the sunrise they will be at their coolest. Once harvested they should be kept out of
the sun. Thus, in the field harvested products should be placed in the shade at all times.
They should be covered during daytime transportation, and trucks should not be parked
in the direct sun. In the marketplace fruit and vegetables also should be shaded. Although
obvious, these practices often are not followed. Products also require ventilation, as they
generate heat internally, and unless this is removed continuously, the temperature will
rise and deterioration will be accelerated.

Handling, Packaging, and Transportation
The same issues apply to tropical products as any other fruit or vegetable (see Section

3.3). Good packaging and careful handling increase the storage life of most crops and
reduce damage. However, in less-developed countries problems can be exacerbated by
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ignorance and cost-cutting. Roads can be very rough and delays common. Distances
can be great and packaging minimal. In many markets it is considered uneconomical
or impractical to use packaging, and so a high level of damage is accepted. Packaging
can be produced from local biodegradable materials [6]. Options include bags, sacks,
and woven baskets, but these offer little protection for the product. Wood boxes provide
some protection but may not be acceptable on international markets. Cardboard or plastic
containers also may be available (see Section 3.3). It also is possible to use secondhand
containers if these are available locally.

Grading Systems
Simple off-floor grading systems are recommended for less-developed countries [8,

10]. In less-developed countries the majority of handling is likely to be done by hand, with
limited options for mechanized systems. Machinery for automatic sizing and weighing
may be appropriate, but because humans are generally better at sorting fresh produce for
quality, low-cost labor can be an advantage.

Storage Systems
Modern and traditional storage systems have a continuing role to play in the tropics.

Modified designs of traditional structures can greatly reduce losses due to vermin and
other pests. For many fruits and vegetables drying adds to storage life, and stores can
be based on designs developed for cereals [21–28]. Pest management is a major issue
[29–31].

Wholesale Markets
Wholesale-market designs for less-developed countries have been discussed by the

United Nations Food and Agriculture Organisation [32]. In addition to the normal issues
that arise in the design and siting of buildings, factors that may need special attention
include the following.

Roads and Parking
Table 3.33 gives guidelines for roads and parking suggested by the United Nations

Food and Agriculture Organisation.

Internal and External Lighting
This should be at a high level internally (500–1000 lux), using fluorescent tubes to

minimize heat gain. Outside roads require only around 12 lux [32].

Mechanical Ventilation or Air-Conditioning
The environment inside a large wholesale market in the tropics can be very unpleasant.

Fruit and vegetables are respiring, and loading and unloading vehicles produce much
heat. Roof extractor fans and natural ventilation can reduce temperatures by 3 to 5◦C [32].

Waste-Disposal System
An allowance of 5% to 10% of product turnover is needed. Local domestic systems

may not be designed to cope with the volume involved, and so special arrangements are
needed. Interchangeable containers offer a convenient way of dealing with waste. The
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Table 3.33. Appropriate road-design criteria for wholesale markets

Length Width Radius Gradient
(m) (m) (m) (%)

Roads
Lane width 3.5 0.5–5
Minimum width (1-way) 7.0 0.5–5
Minimum width (2-way) 12.0 0.5–5
Maneuvering distance 8.0
Outside curb curve: minimum 10.5
Outside curb curve: preferred 15.0
Solid waste turning vehicle space 18.0
Loading bays (end-on): minimum 8.0 3.75
Loading bays (end-on): preferred 12.0 4.0

Access ramps
Up ramp: minimum width and maximum slope 5.5 8.0
Up/down ramp: minimum width and maximum 7.0 6.0

slope
Preferred minimum width and maximum slope 7.0 5.0

Vehicle lengths
Pick-up/minibus 5.0 2.0
Standard truck 8.5 2.5
Articulated truck 15.0 2.5
Truck with trailer 18.5 2.5

Parking spaces
Pick-up 8.0 3.65
Truck 11.0 3.65
Small car (minimum) 4.8 2.4 2.0–5.0

Source: [32].

containers are placed at strategic locations and collected by truck when full, or at set
times, with an empty container delivered at the same time.

Water and Sewerage
Requirements for water and sewerage in markets are higher than in other buildings

due to the requirements for cleaning. For a 10,000-m2 market, a daily demand of 75,000
L is likely. This includes some produce washing and a 10,000 L allowance for cool
storage. Sanitary requirements should be around 1 unit per 15 to 25 persons [32].

Roof Cladding
The cladding is likely to be a critical design component. It must be able to perform

under the conditions of high humidity and temperature. It should have a low U-value
(e.g., less than 0.85 W·m−2 · ◦C−1) to prevent heating from the sun.

3.6.5 Role of the Agricultural Engineer

If a farmer wishes to retain a subsistence level of farming, then the agricultural
engineer’s role is to advise and develop systems that allow this level of operation to work
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in a totally sustainable fashion [14, 18]. As population density increases and land becomes
more scarce, the need for improved efficiency will grow. Packaging and storage studies
will need to focus on solutions that can be achieved on-farm with minimum external
inputs.

If the decision is made to develop and market produce, the agricultural engineer
must use his or her expertise to aid the industry with its development. Quality, safety,
and reliability of product supply must be assured if overseas markets are to be secured
and developed. These are major issues that cannot be ignored. Agricultural engineers
and scientists need to be aware of the challenges and then seek to find their own solutions
that are best suited to the local culture and society. This may be far from the traditional
concept of the designer and builder of machinery. He or she is also likely to be involved
in the following.

Quality Standards and Management
Establishing quality standards is a key component to any significant long-term im-

provement in the quality of products [33, 34]. Export standards can be the main driving
force, although it is possible for local industries to establish their own grading standards
(e.g., Appendix, Table 3.A1). Examples of standards include apple and kiwifruit quality
manuals, which govern all aspects of fruit production including preharvest spraying,
harvesting, time to cool after harvest, weight, and packaging requirements, as well as
standards relating to color, shape, and appearance [35, 36]. The United Nations Food and
Agriculture Organisation has produced a series of manuals designed to assist govern-
ments of developing countries to establish workable food control systems [16, 37–41].

Measurement Techniques
New measures that are nondestructive but indicate quality are likely to have a profound

effect on the success of any crop (see Section 3.1).

Information Transfer
In tropical countries the postharvest infrastructure for many important crops is depen-

dent on individual farmers and producers with limited resources. Even though postharvest
researchers are becoming increasingly aware of the requirements for successful storage
of commercially important food products, all too often systems are poorly designed
or fail as a result of economic constraints, lack of knowledge, or inadequate quality-
management systems to ensure that standards are adhered to. New packaging systems,
such as modified-atmosphere storage, introduce new opportunities for extending the
storage lifetime of products, but these require careful design and an understanding of the
physiological aspects of storage (see Sections 3.2 and 3.4).

Food Processing
Development of simple and advanced processing techniques reduces losses, enables

gluts to be managed without flooding markets with produce, and provides long-term food
storage [2, 3, 16, 42–44]. In particular, Dauthy [42] has produced a manual of processing
guidelines for less-developed countries.
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3.6.6 Future Prospects and Challenges

There is a large number of crops, especially in less-developed countries, that bear edi-
ble fleshy parts or nuts of acceptable quality. These are largely harvested either from wild
trees or seedlings nurtured in small plantings [1, 18, 45–47]. The economic potential of
these crops has been recognized, especially as traditional fruit crops come under severe
pressure due to increasing production and declining profits [48, 49]. Currently many
such crops are produced only for domestic markets, where quality standards are often
minimal or nonexistent [33]. In any country, poor quality-control standards for produce
result in unfavorable competition with foreign produce, even on the domestic market. For
example, currently most less-developed countries suffer trade deficits on fruits and veg-
etables [50]. The development and implementation of relevant quality standards would
enable produce to be traded more competitively in international markets. It has been ar-
gued that less-developed countries could increase their share of the world fresh-produce
market “if the necessary standards were met” [50, 51]. Among these, food safety will be
increasingly important in the future.

Numerous studies of the introduction of new technologies to a society show how
deeply interdependent are the technical, economic, political, social, and cultural factors
involved in the process of technical change. Transformations in society and technology
are at the same time cause-and-effect, and the ways in which societies adapt to these
transformations are no more systematic than the technical system is static. Thus, the
understanding and effective management of the process of technological change requires
an approach involving the expertise and analytical skills of several disciplines from the
engineering to the social sciences. It is also important to emphasise that less-developed
countries should not be treated as a homogenous group, because particular strengths and
weaknesses vary widely between countries.

Social Issues
There have been renewed concerns in both developed and developing countries about

the introduction of technology into the third world on the one hand and the relatively
low success rate of many development programs on the other. Technology cannot simply
be transposed to developing countries: Too many socio-cultural and techno-economic
factors can affect the situation [52]. For example, the success or failure of development-
assistance programes may depend on the level of trust created between the “donor” and
“recipient” [53]. It now is generally agreed that those technologies most likely to be
adopted by developing countries are those that are appropriate and acceptable. That is,
in addition to operational and technical suitability, the technology must be profitable,
affordable, and available [54], and sensitive towards cultural, social, and environmental
issues.

Culture
Culture is the set of shared values, attitudes, and behaviors that characterize and guide

a group of people. As a rule, less-developed countries tend to have more rigid social
structures, stronger religious influences, very distinct gender roles, and a high diversity
of languages. Certain practical implementation issues also may affect the development,
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testing, evaluation, and application of quality-control practices in the fresh-produce
industry of developing countries. The cultivation of horticultural crops follows a well-
defined gender line in most developing countries, with the men active in the production
and marketing of fruits, and the women predominantly engaged in vegetable production
[51]. Similarly, religious beliefs cannot be ignored in determining the acceptability of
new or improved technologies [17, 55]. The culture of the consumer also may not be
understood by the supplier, so that the quality expectations of the overseas consumer
may not be recognized or appreciated by the employee who is to grade the produce. This
makes the training of staff and the adherence to quality standards particularly difficult.

Labor
Generally, skilled labor is scarce and unskilled abundant. Education levels are low in

many less-developed countries, although some have achieved nearly universal literacy.
Training for quality control can be hampered by a lack of basic education and the
inability to understand the need for quality standards. However, much grading of fruit
and vegetable produce relies on the human eye; with abundant labor it should be easier
to select, train, and employ people in less-developed countries.

Infrastructure
The efficiency of transportation systems has a major impact on quality-assurance

procedures. It is not uncommon to find that major roads are poorly maintained. There
is often a high frequency of equipment breakdown due in part to unsuitable operating
conditions. Repair and maintenance facilities may be inadequate, and power supplies
may be irregular. Village blacksmiths are often the repositories of knowledge on local
raw materials and manufacture of spare parts. As much as possible, manufacture of some
or all equipment should be carried out in the developing country. In addition to providing
for the participation of the population, local manufacture may further promote integrated
social structure through the growth of industries associated with raw materials supply
and marketing.

Good information on domestic and foreign supply and demand, prices, and quality is
important for the successful export of fresh produce. Marketing constraints include a lack
of information concerning quality requirements and packaging, poor quality of produce,
and inadequate quality standards. The managerial implication of a lack of infrastructure
is that the export enterprise must take on the burden of providing or improving its
own infrastructure (e.g., establishing information networks, purchasing transportation
systems).

Institutions
The political fluidity of some less-developed countries weakens the institutions of

government. Bureaucracies are often technically weak and inefficient. They are fre-
quently overstaffed, underpaid, and in some instances underqualified. The implications
of this for postharvest quality are inefficient, slow, and costly government services that
have the task of approving export shipments. Centralization of governmental decision
making may prevent an export company from moving quickly in response to market
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demand. There also may be a lack of flexibility in some educational institutions, that
could or should be key players in training staff.

Sometimes, a quality attribute becomes less important and another, more important
factor arises due to consumer preference and other competitive pressures. Alternatively,
new or revised government regulations may dictate changes in quality requirements
[56]. Activities of political pressure groups in overseas markets also may lead to sudden
changes in quality specifications, particularly where a crop is perceived to affect envi-
ronmental, health, or social structures. Structures and standards therefore must be able
to react rapidly to market changes.

Management Structures
Both less-developed and developed countries need to ensure that there is a prod-

uct quality–management component in agricultural-development programs. Individual
farmers are unlikely to develop the grading, storage, and distribution systems for their
produce that will be demanded by the international market. Cooperative systems may
be able to make progress towards introducing quality-assurance systems, but in gen-
eral many less-developed country farmers have demonstrated an innate resistance to
participate in co-operatives [11].

In order to meet existing international standards so as to compete favorably in the
sophisticated “world market” of fresh fruits and vegetables, managers should be kept fully
aware of developments in international trading agreements and regulations. For example
there may be considerable advantages in marketing by gaining ISO 9000 certification
for quality-management procedures (see Section 3.1).
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398 Fruit and Vegetables

Table 3.A2a. Summary of mechanical tests for food materials

Type of Test Parameter and Calculating Formula

ASTM compression or tension

σ = F
A

; ε = 1L
L

; E = F /A
1L/L

E = 3K (1− 2µ); E = 2G(1+ µ)

1/E = 1/3G + 1/9K

Point loading

a = 0.721 m(F Q d )1/3

Smax = 0.918

mn

(
F

Q2d 2

)1/3

= 3F
2πa2

D = 0.769k
(

F 2 Q 2

d

)1/3

E = 0.338k 3/2 F (1− µ2)

D 3/2

(
4

d

)1/2

R2= R2=∞; R1= R ′1= d/2; cos Tk = 0;

m = n = 1; k = 1.3514

Plate on convex body

a = m × 1.145

[
F Q

(1/R1 + 1/R ′1)

]1/3

Smax = 0.365

mn

[
F
Q2

(1/R1 + 1/R ′1)2

]1/3

D = 0.485k[F 2 Q2(1/R1 + 1/R ′1)]1/3

E = 0.338k 3/2 F (1− µ2)

D 3/2
(1/R1 + 1/R ′1)1/2

R2 = R ′2 = ∞; R1 6= R ′1

Values of m, n, k from eqn. 6.6 and
Table 6.1 in Mohsenin [1] (Eqn. 1 and
Table 3.A2b below)
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Table 3.A2a. (Continued)

Type of Test Parameter and Calculating Formula

Sphere on sphere

a = 0.721m

[
F Q

(1/d1 + 1/d2)

]1/3

Smax = 0.918

mn

[
F (1/d1 + 1/d2)2

Q2

]1/3

D = 0.769k[F 2 Q2(1/d1 + 1/d2)]1/3

E = 0.338k 3/2 F (1− µ2)

D 3/2
(4/d1 + 4/d2)1/2

R2 = R ′2; R1 = R ′1;

m = n = 1; k = 1.3514

Sphere on convex body

a ′ = an
m

a = 1.145m

[
F Q

(1/R1 + 1/R ′1 + 4/d2)

]1/3

Smax = 0.365

mn

[
F
Q2

(1/R1 + 1/R ′1 + 4/d2)2

]1/3

D = 0.485k[F 2 Q2(1/R1 + 1/R ′1 + 4/d2)]1/3

E = 0.338k3/2 F (1− µ2)

D 3/2
(1/R1 + 1/R ′1 + 4/d2)1/2

R2 = R ′2; R2 6= R ′1;

Values of m, n, k from Eqn. 6.6 and Table 6.1
in Mohsenin [1] (Eqn. 1 and Table 3.A2b
below)

Die loading

p = F

2πa
√

a2 − r 2

D = F (1− µ2)

2a E

E = F /D
(1− µ2)

2a

(Cont.)
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Table 3.A2a. (Continued)

Type of Test Parameter and Calculating Formula

Punch shear

S = F
π dtp

Double shear

S = F
2A

Parallel shear

Ss = F /2A; εs = tan θ ; G = Ss /εs ;

E = 2G(1+ µ); 1/E = 1/3G + 1/9K

Plate shear

Ss max = ±
3F
t2

p
; εs = ± 3F

Gt2
p

G = 3F u2

2Dt3
p

; 50 > L/R > 25

R = radius of curvature at u

Torsion

Ss = 2T
πr 3

;

εs = r θ
L

;

G = 2T L
πr 4θ

θ1 = θ
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Table 3.A2a. (Continued)

Type of Test Parameter and Calculating Formula

Torsion pendulum

G = 16π f 2W(d ′)2 L
g d4

W = weight of disk (N)

g = 9.81 m·s−2

Simple bending

E = F L3

48DI

Simple bending (uniformly distributed load)

E = 5wL4

384DI

Cantilever

E = F L3

3DI

Cantilever (uniformly distributed load)

E = wL4

8DI

Bulk compression

K = − 1p
1v/v

; B = 1/K

1/E = 1/3G + 1/9K

(Cont.)
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Table 3.A2a. (Continued)

Type of Test Parameter and Calculating Formula

Dynamic loading

|E ∗ | = Fmax/εmax; δ = w1t

E ′ = |E ∗| cos δ; E ′′ = |E ∗| sin δ

Resonance

tan δ = 1ω0.5

ωr
√

3
;

E = 38.3ρL4 f 2
r

d2

Pulse technique

E = KρV 2

Transient loading

σ (t) = ε0(Ed1e−t/T1 + Ed2e−t/T2 + · · ·

+ Edne−t/Tn + Ee )
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Table 3.A2. (Continued)

Type of Test Parameter and Calculating Formula

Creep

ε(t) = σ0(1/E0 + 1/Er 1(1− e−t/T1 )+ 1/Er 2

(1− e−t/T2 )+ · · · + 1/Er n(1− e−t/Tn )+ t/ηv)

Plate on semicircular ring

D = 0.0981F d 3m
E I

σtension = F dmC
2I

− F
A

σcompression = F dmC
2I

+ F
A

Plate on full ring

D = 0.0187F d 3m
E I

σtension = 0.159F dmC
I

σcompression = 0.159F dmC
I

Source [1]: Mohsenin, N. N. 1986. Physical Properties of Plant and Animal Materials. Amsterdam:
Gordon and Breach.

List of Symbols

A cross-section area (m2)
a radius of the circle of contact or radius of the die (m)
B compressibility (Pa−1)
b, h sides of a rectangular bar (m)
C distance from the neutral axis of the cross-section to the extreme fiber, (m)
D deformation at single contact (m)
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d diameter of spherical indenter or rod (m)
d1,d2 diameters of sphere 1 and sphere 2 (m)
E Young’s modulus (Pa) (note: equivalent to Y in Section 3.3)
E∗ complex dynamic modulus (Pa)
E′ storage modulus (Pa)
E′′ loss modulus (Pa)
Ed decay modulus
Ee equilibrium modulus
Er retarded modulus
e base of Naperian log (e= 2.72)
F force (N)
f frequency (cps)
G shear modulus (Pa)
I moment of inertia (m4)
I bh3/12 (rectangular bar) (m4)
I πr 4

4 round bar (m4)
K bulk modulus (Pa)
K constant inKρv2

L length (m)
m,n, k constants for analysis of convex bodies (see [1])

Q 1−µ2
1

E1
+ 1−µ2

2
E2
} in point loading (Pa−1)

R1, R′1 radii of convex body (m)
R2, R′2 radii of rigid loading devices (m)
r distance from centre of the area over which

the die is acting or radius of solid bar (m)
S shear stress (Pa)
Smax maximum normal stress (Pa)
T torque (Nm)
Ti time constant= n/E
tp thickness of plate (m)
t time (s)
V compressional pulse velocity (m/s)
v volume (m3)
w weight per unit length (N/m)
1L change in length (m)
1p change in pressure (Pa)
1v change in volume (m3)
δ phase angle (radians)
ε strain (m/m)
εmax peak strain (m/m)
ε0 strain at time 0
ε(t) strain at any time (t)
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ηv viscosity
θ angle of twist (radians)
tanθ shear strain
φ Angle between normal planes containing principle curvaturesR1 etc.
µ Poisson’s ratio
ρ mass density (Kgm−3)
σ stress (Pa)
σmax peak stress (Pa)
σ0 stress at time 0
σ (t) stress at any time (t)
σtension maximum tensile stress in the extreme fibre of the ring or

semi-circular ring at failure (Pa)
σcompression Maximum compressive stress in the extreme fibre of the ring or

semi-circular ring at failure, (Pa)
ω angular frequency (radians/sec)
ωr resonance frequency (radians/sec)

Calculation for cosTk

cosTk =
[(1/R1− 1/R′1)2+ (1/R2− 1/R′2)2+ 2(1/R1− 1/R′1)(1/R2− 1/R′2) cos 28]1/2

(1/R1+ 1/R′1+ 1/R2+ 1/R′2)

(1)

whereφ is the angle between normal planes containing principle curvaturesR1 etc.

Table 3.A2b. Values of m, n, and k corresponding to values of T from
Eqn. (1)

Cos Tk m n k Cos T m n k

0 1.000 1.000 1.351 0.932 3.631 0.423 0.839
0.040 1.027 0.974 1.351 0.952 4.187 0.393 0.772
0.100 1.070 0.936 1.348 0.968 4.94 0.361 0.699
0.200 1.150 0.878 1.339 0.980 5.94 0.328 0.621
0.300 1.242 0.822 1.323 0.984 6.47 0.314 0.586
0.400 1.351 0.769 1.300 0.988 7.25 0.298 0.545
0.500 1.484 0.717 1.267 0.991 8.10 0.281 0.504
0.600 1.660 0.664 1.222 0.993 8.90 0.268 0.472
0.700 1.905 0.608 1.160 0.995 10.14 0.251 0.432
0.800 2.292 0.545 1.070 0.997 12.26 0.228 0.376
0.855 2.638 0.502 0.998 0.999 18.49 0.185 0.278
0.905 3.160 0.455 0.908
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414 Fruit and Vegetables

Table 3.A3b. Conditions for long-term storage of fresh fruits and vegetables

Observations and Beneficial
Controlled Atmosphere (CA)

Common Name Scientific Name Conditions

Apple Malus pumila 2%–3%O2, 1%–2%CO2

Apricot Prunus armeniaca 2%–3%O2, 2%–3%CO2

Artichoke globe Cynara acolymus 2%–3%O2, 3%–5%CO2

Asparagus: green, white Asparagus officinalis 5%–12%CO2 in air
Atemoya Annona squamosa x, 3%–5%O2, 5%–10%CO2

A. cherimola
Avocado: fuerte, hass Persea americana 2%–5%O2, 3%–10%CO2

Banana Musa paradisiaca var. 2%–5%O2, 2%–5%CO2

sapientum
Beans: snap, wax, green Phaseolus vulgaris 2%–3%O2, 4%–7%CO2

Berries
Blackberry Rubus spp. 5%–10%O2, 15%–20%CO2

Blueberry Vaccinium corymbosum 2%–5%O2, 12%–20%CO2

Cranberry Vaccinium macrocrpon 1%–2%O2, 0%–5%CO2

Raspberry Rubus idaeus 5%–10%O2, 15%–20%CO2

Strawberry Fragaria spp. 5%–10%O2, 15%–20%CO2

Bittermelon, bitter gourd Momordica charantia 2%–3%O2, 5%CO2

Broccoli B. oleracea var. italica 1%–2%O2, 5%–10%CO2

Brussel sprouts B. oleracea var. gemnifera 1%–2%O2, 5%–7%CO2

Cabbage
Chinese, Napa Brassica campestris var. 1%–2%O2, 0%–5%CO2

pekinensis
Common, late crop B. oleracea var. capitata 3%–5%O2, 3%–7%CO2

Carrots Daucus carota No CA benefit
Topped
Bunched, immature Ethylene causes bitterness

Cassava, yucca, manioc Manihot esculenta No CA benefit
Cauliflower B. oleracea var. botrytis 2%–5%O2, 2%–5%CO2

Celeriac Apium graveolens var. rapaceum 2%–4%O2, 2%–3%CO2

Celery Apium graveolens var. Dulce 1%–4%O2, 3%–5%CO2

Cherimoya, custard apple Annona cherimola 3%–5%O2, 5%–10%CO2

Cherries 3%–10%O2, 10%–12%CO2

Sour Prunus cerasus
Sweet Prunus avium 10%–20%O2, 20%–25%CO2

Citrus
Grapefruit Citrus paradisi 3%–10%O2, 5%–10%CO2

Lemon Citrus limon 5%–10%O2, 0%–10%CO2

store at 0–5◦C for <1 mo
Lime: Mexican, Tahiti, or Citrus aurantifolia, 5%–10%O2, 0%–10%CO2

Persian C. latifolia
Orange Citrus sinensis 5%–10%O2, 0%–5%CO2

Corn, sweet and baby Zea mays 2%–4%O2, 5%–10%CO2

Cucumber Cucumis sativus
Pickling 3%–5%O2, 3%–5%CO2

Durian Durio zibethinus 3%–5%O2, 5%–15%CO2

Eggplant Solanum melongena 3%–5%O2, 0%CO2

Endive, Belgian; Cichorium intybus Light causes greening;
witloof chicory 3%–4%O2, 4%–5%CO2
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Table 3.A3b. (Continued)

Observations and Beneficial
Controlled Atmosphere (CA)

Common Name Scientific Name Conditions

Fig, fresh Ficus carica 5%–10%O2, 15%–20%CO2

Garlic Allium sativum 0.5%O2, 5%–10%CO2

Ginger Zingiber officinale No CA benefit
Grape Vitis vinifera 2%–5%O2, 1%–3%CO2;

to 4 wk, 5%–10%O2,
10%–15%CO2

Herbs, fresh culinary 5%–10%O2, 5%–10%CO2

Kiwifruit Actinidia chinensis 1%–2%O2, 3%–5%CO2

Kohlrabi B. oleracea var. No CA benefit
Gongylodes

Leek Allium porrum 1%–2%O2, 2%–5%CO2

Lettuce Lactuca sativa 2%–5%O2, 0%CO2

Lychee, litchi Litchi chinensis 3%–5%O2, 3%–5%CO2

Mango Mangifera indica 3%–5%O2, 5%–10%CO2

Melons
Cantaloupes and Cucurbita melo var. 3%–5%O2, 10%–15%CO2

other netted melons reticulatus
Casaba Cucurbita melo 3%–5%O2, 5%–10%CO2

Crenshaw Cucurbita melo 3%–5%O2, 5%–10%CO2

Honeydew, Cucurbita melo 3%–5%O2, 5%–10%CO2

orange-flesh
Persian Cucurbita melo 3%–5%O2, 5%–10%CO2

Mushrooms Agaricus, other genera 3%–21%O2, 5%–15%CO2

Nectarine Prunus persica 1%–2%O2, 3%–5%CO2;
internal breakdown 3–10◦C

Okra Abelmoschus esculentus air and 4%–10%CO2

Olives, fresh Olea europea 2%–3%O2, 0%–1%CO2

Onions
Mature bulbs, dry 1%–3%O2, 5%–10%CO2

Green 2%–4%O2, 10%–20%CO2

Papaya Carica papaya 2%–5%O2, 5%–8%CO2

Parsnips Pastinaca sativa Ethylene causes bitterness
Peach Prunus persica 1%–2%O2, 3%–5%CO2

internal breakdown 3–10◦C
Pear, American Pyrus communis Cultivar variations;

1%–3%O2, 0%–5%CO2

Peas in pods: snow, Pisum sativum 2%–3%O2, 2%–3%CO2

snap, and sugar peas
Peppers

Bell, paprika Capsicum annuum 2%–5%O2, 2%–5%CO2

Hot, chiles Capsicum annuum, 3%–5%O2, 5%–10%CO2

C. frutescens
Persimmon, kaki Dispyros kaki 3%–5%O2, 5%–8%CO2

Pineapple Ananas comosus 2%–5%O2, 5%–10%CO2

Plums and prunes Prunus domestica 1%–2%O2, 0%–5%CO2

Pomegranate Punica granatum 3%–5%O2, 5%–10%CO2

Potato Solanum tuberosum No CA benefit
Radish Raphanus sativus 1%–2%O2, 2%–3%CO2

(Cont.)
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Table 3.A3b. (Continued)

Observations and Beneficial
Controlled Atmosphere (CA)

Common Name Scientific Name Conditions

Rambutan Nephelium lappaceum 3%–5%O2, 7%–12%CO2

Spinach Spinacia oleracea 5%–10%O2, 5%–10%CO2

Squash
Summer (soft rind), Cucurbita pepo 3%–5%O2, 5%–10%CO2

courgette
Winter (hard rind), Cucurbita moschata, Large differences among

calabash C. maxima varieties
Sweetsop, sugar apple, Annona squamosa, 3%–5%O2, 5%–10%CO2

custard apple Annona spp.
Taro, cocoyam, eddoe, Colocasia esculenta No CA benefit

dasheen
Tomato Lycopersicon esculentum

Mature green 3%–5%O2, 2%–3%CO2

Firm ripe 3%–5%O2, 3%–5%CO2

Watermelon Citrullus vulgaris No CA benefit

Adapted from Kader, A. A. 1999. Postharvest technology of agricultural crops. Publication 3311,
3rd ed. University of California, Davis.
a Ethylene production rate: VL= very low (<0.1µ L/kg·hr at 20◦C); L= low (0.1–1.0µ L/kg·hr);

M = moderate (1.0–10.0µ L/kg·hr); H = high (10–100µ L/kg·hr); VH = very high
(>100µ L/kg·hr).

b Ethylene sensitivity (detrimental effects include yellowing, softening, increased decay, loss of
leaves, browning): L = low sensitivity; M = moderately sensitive; H = highly sensitive.

Sources used for compilation of data:
Facciola, S. 1990.Cornucopia. A Source Book of Edible Plants, Kampong Pub., Vistal, CA;
Hardenburg, R., A. E. Watada, C. Y. Wang. 1986. The Commercial Storage of Fruits, Vegetables, and

Florist and Nursery Stocks.USDA Agric. HandbookNo. 66.
Kader, A. A. et al. 1992.Postharvest Technology of Horticultural Crops.University California Pub. 3311
Kays, S. J. and J. C. Silva Dias. 1996.Cultivated Vegetables of the World, Exon Press, Athens, GA.
McGregor, B. M. 1987. Manual de transporte de productos tropicales,USDA Agric. Handbook No. 668.
Maersk,Sealand and APL shipping guides. Proceedings 6th and 7th International Controlled Atmosphere

Research Conferences.
Rubatzky, V. E. and M. Yamaguchi. 1997.World Vegetables, Principles, ProductionandNutritive Values,

2nd ed., Chapman & Hall, N. Y.
Whiteman, T. M. 1957. Freezing points of Fruits, Vegetables, and Florist Stocks,USDA Mkt. Res. Rpt. No.

196.
Cantwell, unpublished data on specialty vegetables.
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Table 3.A4. Orders of magnitude of elastic modulus and Poisson’s ratio for selected
solid foods

Apparent Elastic Poisson’s Specific
Material Type of Test Modulus (MPa) Ratio Gravity

Apple
Whole Plate compression 3.5–7
Flesh Axial compression 3.3–10 0.21–0.34
Skin Axial tensile 9.5–15 0.31–0.5

Banana Dynamic 0.8–1.2
Beef Axial compression 0.23–0.24
Carrot Bending 3–29
Celery Bending 9.9–31.5
Cheese Axial compression 0.16 0.5
Corn grain Axial compression 400–1150 0.32
Gels (protein) Axial tensile 0.0016–0.0103
Noodles (cooked) Axial tensile 0.06
Pear Plate compression 3.7–10 0.98–1.1
Peach Plate compression 0.5–10 0.95–1.03
Potato (white) Axial compression 3.2–4.3 0.49 1.1
Wheat grain Axial compression 1200–5700 0.3
Lemon 1.07
Grape 1.2–1.3
Plum 0.99–1.08
Tomato 1.0
Cherry 1.07–1.3
Blueberry 0.8–1.3
Cranberry 0.6
Coffee 1.0–1.2
Orange 0.93–0.95
Grapefruit 0.8–0.9

Source: Mohsenin, N. N. 1986. Physical Properties of Plant and Animal Materials.
Amsterdam: Gordon and Breach.
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4 Grapes, Olives, and
Coffee

M. Ruiz-Altisent, Co-Editor

4.1 Wine Processing
F. Ayuga

4.1.1 Industrial Process

It is not the intention of this handbook to make an exhaustive exposition of the
industrial elaboration process of wines. A more complete description can be seen in
Refs. [1] and [2]. In this section, a description is made of the most important stages
followed, according to the type of wine to be obtained.

Types of Wines
In first place, the clear differences of existing types of wines must be indicated. White

or pink wines come from white grapes or a mixture with black grapes, but they acquire
no color (white) or only a mild dye (pink) from the subsequent elaboration process. Red
wines come from black grapes or a mixture of these with white, and they acquire the
characteristic color from their elaboration process.

Processing Operations
In Fig. 4.1 flowcharts that summarize the basic elaboration operations are shown. It

must be said that, within the two large groups into which wines have been divided, impor-
tant different peculiarities may exist, according to the conscientiousness of manufacture
and the existence or lack of intermediate operations intended to improve quality.

As can be appreciated, the difference between the elaboration systems is that the
second makes the first fermentation from all the mass (husks, flesh, must and seeds, and
part of stem). This causes coloration of the liquid because of the existing pigments in the
husk of the black grape. The white- or pink-wine elaboration quickly separates the solid
and the liquid phases. If the grape is white, white wine will be obtained, but if the whole
is black, or if black and white mixtures arrive at the winery, pink wine is with different
tonalities according to the proportion from each one and, above all, to the amount of
time during which must and husks stay without being separated, once the grapes have
been crushed. “Claret” wines are those that are obtained from black and white grapes
and whose fermentation is made partially in the presence of the residues of the black
grape.

419
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Figure 4.1. Flowcharts of white- and red-wine processes.

4.1.2 Process Description

Grape Receipt and Control
As in any other industry, at the arrival of the material loads, a control of quantity

and quality must be performed. The first control is effected in a weighbridge whose
advisable capacity and dimensions are 500 kN of force and a platform of 15 by 3 m. This
weighbridge may seem excessive, because the vehicles that transport grapes tend to be
simple agricultural tows of no more than 40- to 50-kN loads. However, such capacity
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Figure 4.2. Sampling
equipment.

and dimensions will permit the weighing of trucks in which the wine leaves the winery,
whose dimensions are becoming larger.

As for the control of the quality, it is usual to determine the sugar content of the
grape received. It is appropriate to take samples of each truck or tow. Figure 4.2 shows
a model of sampling equipment, which permits obtaining samples in any part of the
transportation vehicle.

Once the grape sample is obtained and crushed, the sugar content is determined by
means of a densimeter or a refractometer. Automatic measurement equipment can be
found in the market.

The measurement units used for sugar content are as follows:Bauḿe degreesdepend
on density, which is greater for higher sugar concentrations. A table relates degrees
Baumé to glucose content (each degree Baum´e is approximately equal to 1.75% sugar).
Probable alcohol degreesexpress the percentage of alcohol that will be obtained upon
transforming the must into wine.Brix degreesindicate the percentage of glucose in the
must.

The photoelectric refractometer is able to print a label with the glucose content of the
analyzed sample. This label is used to identify the shipment and allows the farmer to be
payed as a function of the quantity and quality of the delivered product.

Crush
Once the operation of control is finished, the grape is poured into a large hopper,

from which the processing begins. The operation of pouring can be helped by an un-
loading tipping platform where the tow is fixed (Fig. 4.3). A quick and comfortable
emptying is secured this way. If such a platform does not exist, the unloading has to
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Figure 4.3. Unloading tipping platform.

be done manually, except in cases in which the transportation is made in self-dumping
vehicles.

The hoppers (Fig. 4.3) are dihedral angled bins in which a conveyor formed by one
or two worm screws leads the grape clusters to the crusher located at one end. This
machine breaks the grapes and separates the stems in the desired proportion. A complete
destemming is not advisable if the press procedure is not of the soft type (see subsequent
paragraphs), as the presence of stems facilitates the subsequent pressing of the paste
(Fig. 4.4).

Sometimes the use of grape harvesters leads to a complete destemming; therefore,
the grape material is received in the winery without stems.

Figure 4.4. Hopper, crusher, and destemming system.
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Figure 4.5. Crushing and
destemming machine.

The model in Fig. 4.5 corresponds to a machine that has both a destemming unit and
a crushing unit. Its revolving shaft is vertical.

Also there is the possibility of separating the destemming machine from the crushing
machine. Their revolving shafts are then horizontal.

There also exist machines that perform a “soft” crushing by means of bands. The
previously destemmed grapes pass along successive rollers between the bands, which
apply a low pressure and brake the grapes without altering the seeds. This process
improves the quality of the wine.

The mixture of broken husks, flesh, must, seeds, and a fraction of the stems falls into
the base of the crushing machine, where it is captured by a vintage pump that through
an adapted pipeline sends it to the press room, in the case of white-wine elaboration, or
the fermentation tanks in the case of red-wine elaboration.

Drainage and Pressing
The processes of drainage and pressing are performed in the press room. Here the

complete separation between solid phases and liquid phases is made.

Drainage
Drainage is accomplished in a simple machine with a bottom made of brass or punc-

tured bronze that, in the manner of a colander, makes a first separation, obtaining on the
one hand not-pressed must (50% of the total) and additionally drained paste (Fig. 4.6).
To facilitate filtering, some equipment is provided with a vibrator. The movement of the
paste within the drain hopper is made by gravity, the bottom being inclined, or through
worms that move it from the entry end to the exit. The time of contact between must and
solids can be regulated.

In the past, drainage was done in large cages of wood, within raised concrete bins.
Under those bins, the pressing machines were installed. The must was filtered and passed
to fermentation tanks, while the rest, held by the wood cages, fell to the presses. The
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Figure 4.6. Drainage machine.

Figure 4.7. Separator press.

equipment required a considerable investment, and furthermore abundant labor was
neccesary for its operation.

Press
There are many different press systems, for example the continuous press system, with

two series of machines with successive pressing actions. The first is called aseparator
(Fig. 4.7) and the obtained must is called “of first press” (35% of the total, approximately).
The solid phase not yet exhausted passes to the proper presses (Fig. 4.8) where, submitted
to great pressure, all the must that can be extracted by this procedure is extracted (15%
of the total, approximately). At least two must types are separated from the presses,
according to the pressure degree. The wine from the last phase of pressed must maintains,
in certain grapes, some elements (namedlees) in colloidal state and lacks transparency.
It is used for distillation.
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Figure 4.8. Continuous press.

The solids, which subsequently are referred to aspomace, remain with a little quantity
of must, and they are sent to bins. These can be simple steel hoppers, raised on pillars
so that a truck can pass below and collect the daily pomace production, or large bins
in which pomace is stored well compacted, to get out the small amount of juice that
it yet possesses and mainly to avoid rottenness. In this case, pomace bins have enough
capacity for the production of a whole season and pomace sale must not be agreed on
and programmed previously as in the first case; investment in storage is much greater,
however. Pomace serves as raw material for the distillation industry.

A softer press system is the discontinuous horizontal press. It was used years ago and
is used today in some modern wineries that take extraordinary care with elaboration. The
paste is forced to a lower pressure, and because of this the musts improve their quality.
The inconvenience is that much labor is needed in the pressing process, as well as that
the machines have a low work capacity compared with continuous presses.

Another type of press that is used in the elaboration of quality wines and whose
operation is also discontinuous is the shell press. In Fig. 4.9 appears a model that uses

Figure 4.9. Shell press.
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Figure 4.10. Work phases of the shell press.

water to get the pressure, and in Fig. 4.10 the work phases of that press are shown.
Other similar machines use compressed air to obtain the desired pressure (pneumatic
presses).

In summary, the following pressure levels applied on the paste can be established,
according to the type of press:

Shell presses, 100 to 250 kPa
Horizontal presses, 600 to 800 kPa
Continuous presses, 1500 kPa (approximately)

These data reveal the different treatments of the drained vintage bulk, according to
the press type used, that translates to different qualities of musts and wines.

The extracted musts are led to underground bins, from where they are pumped to the
fermentation tanks, or to a finning.

In Fig. 4.11 a drawing of white- and pink-wine elaboration with continuous-regime
equipment is shown. For the elaboration of red wine, the section for draining and pressing
also is valid, to which the pastes have been transferred from the bins in which the primary
fermentation has been completed. This movement is effected with pumps of the type
shown in Fig. 4.12.

Finning
The must obtained (by a white-wine elaboration process) or the must wine originated

from the pressing of fermented vintage after racking (in red-wine elaboration) should be
finned before continuing with the following stages, if good quality wines are desired.

Figure 4.11. Continuous pressing of white wine.
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Figure 4.12. Paste pump.

Finning is procured by any of the following procedures, or by a combination of them:
• Decanting
• Centrifuging
• Filtration

Decanting
Decanting consists of maintaining the must in rest for 8 to 24 hours, in one or several

tanks with previous addition of SO2, or at a temperature under 8◦C to avoid the start of
fermentation. If this system is chosen, the winery project has to be completed taking into
account the need for those tanks, which should be of easy cleaning. Each decanting tank
is of approximately 20 m3 capacity. Sometimes the decanting process can be accelerated
through the addition to the must of finning agents such as clarifiers, bentonite, albumin,
egg white, or enzymes that decompose the membranes of the plant cells. Once the
decanting process is finished, racking of the liquid takes place. Wine tanks usually have
racking valves for this process.

Centrifuging
Centrifuging, consists of taking the must recently obtained from the presses and

passing it through a centrifugal clarifier. Instantly, the separation of the solid and liquid
phases is produced. These machines have yields of up to 65 m3/h and, furthermore, it is
possible to mount several units serially to reach higher yields. Service can be improved
with a previous pass of the must through a sieve of revolving brushes. Also, to guarantee
the centrifuge machine conservation, the must has to pass through a hydrocyclone that
will eliminate sand particles that the must may contain. In Fig. 4.13 an installation for
centrifuging must can be seen that includes a revolving-brushes sieve and a centrifugal
clarifier; there is no hydrocyclone due to the presence of a previous decanting tank.

Figure 4.14 shows an installation made up of a revolving-brushes sieve, hydrocyclone,
and centrifugal clarifier. If the liquids to be clarified contain high proportions of solids, it
is better to apply centrifugal horizontal decanters that reduce that content to quantities not
higher than 3%. In Fig. 4.15 a scheme of a centrifugal horizontal decanter is represented.

Filtration
The third finning procedure is filtration. This is nowadays the most used of three

procedures. Revolving vacuum filters are the basis of this system. The turbid must is
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Figure 4.13. Installation for centrifuging must.

Figure 4.14. Installation of centrifugal clarifier.

forced to pass through a flour cap of diatomaceous earth, calledprecoat, which coats a
horizontal drum partially submerged in a tank containing the must or wine to filtrate.
The drum surface is maintained under vacuum during the process. The precoat retains
the solid materials, which are detached from the drum by a cleaver, and the filtered must
is channeled through the axial pipe. The yield of these filters is quite low, although it
depends on the solids content of the must. It is fixed at approximately 0.3 m3/h per m2

for musts with 4% of solids.
There exist filters from 2 m2 to 40 m2 of surface. Their operation can be continuous

during 8 to 20 hours between successive precoat renovations.
It is possible to combine the described separation systems to obtain a final maximum-

quality product.
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Figure 4.15. Centrifugal horizontal decanter system.

Fermentation
The must becomes wine after the fermentation. Fermentation is a complex process

that is described very simply in this handbook. Fermentation happens in two stages.
A first, calledtumultuousor primary fermentation, is an aerobic process accomplished
by yeast. These yeast can be present in the grapes or be selected by the winemaker.
A certain quantity of air dissolved in the must is needed for development of the yeast.
If fermentation bins or tanks are very large, there is little must surface in touch with
the atmosphere and, as a rule, the fermentation is delayed; therefore it is necessary to
accomplish bulk movement so that the liquid can dissolve some air. To achieve a good
fermentation start, tank capacity must be approximately 20 m3. The nametumultuous
fermentationis due to the fact that the bulk suffers an authentic boiling with heat and CO2

production. In red-wine elaboration, this means an upward pushing of solids that remain
floating on the surface, forming the “cap,” as long as the fermentation is active. Some
fermentation tanks provide the possibility of automatically removing the cap to improve
color and flavor formation, and others are horizontal tanks with continuous revolving
movement (wine-making machines). During the process, temperature of the bulk is
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increased, and gradually alcohol appears as a consequence of the glucose decomposition
accomplished by the yeast. That alcohol is toxic for those microorganisms (the yeast),
so that when it reaches a certain level it produces their inhibition, boiling detention,
temperature decrease, and in red-wine processing without movement of the bulk, falling
of the cap that rests on the bottom of the tank. In red-wine processing this is the moment
for racking and pressing.

Temperature Control
In any type of wine elaboration it is necessary to have rigorous control of the fer-

mentation process, with the purpose of avoiding excessively high temperatures of the
bulk, which may cause accidents that can affect the quality and future “life” of the wine.
Maximum admissible temperatures can be 30 to 32◦C in red wine, and lower than 26◦C
in white wine (lower of 20◦C for elaboration of fruity wines).

Temperature control of the tumultuous fermentation is accomplished, traditionally,
through dosing in the must a certain quantity of SO2, whose antiseptic characteristic is
well known, and so inhibiting the development of the yeast. But quality-wine elaboration
does not permit the abuse of sulfur dioxide employment, which communicates a certain
bad flavor to the wine. Because of this, it is necessary to cool the wine by physical
methods: the transfer of the heat excess, by radiation and convection, through the walls
of the must tank directly to the atmosphere or to a water curtain that is make to slide
by the walls of the tank. In either case, stainless-steel tanks in the open air are well
adapted to this purpose. Figure 4.16 shows a group of fermentation tanks controlled by
a cold-water shower.

If temperature control is not sufficient by this procedure, steel tanks with cooling
circuits located in the upper part can be used. Through these circuits a cooling fluid

Figure 4.16. Tanks with cold-water shower.
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Figure 4.17. Tanks with refrigeration circuit.

circulates, from an adequate refrigerating installation. Figure 4.17 shows a group of
tanks with refrigeration circuits sticking out of the upper zone.

If fermentation is made in tanks of low thermal transmission (concrete or wood), it is
necessary to use other means to cool the bulk. One of them can be to introduce in the bin
some plate heat exchangers, such as the one outlined in Fig. 4.18, in whose interior water
is conveyed that has been previously cooled in an adequate installation. This system is
usual in red wine fermentation, with bins containing the solid and the liquid parts of the
vintage.

In white-wine elaboration, if the musts have not suffered a previous finning, as de-
scribed previously, the cooling must be effected in coaxial-tube heat exchangers, such
as the ones outlined in Fig. 4.19, where the must is refrigerated with cold water passing
upstream; it must be assured that circulating space is sufficiently wide for the bulk to
permit the solid particles that may be found in it to pass.

On the other hand, there are also autonomous equipment groups provided with refrig-
erators that use tube heat exchangers in stainless steel and cool the must with the coolant
fluid circulating upstream. In Fig. 4.20 an equipment of such type is shown.

Finally, when the musts have been duly finned, even filtered, it is possible to employ
plate heat exchangers as indicated in Fig. 4.21, which have better yields than previous
equipment.
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Figure 4.18. Mobile-plate heat exchangers.

Figure 4.19. Coaxial tube heat exchangers.

Second Fermentation
Once tumultuous fermentation has finished, the must wine still contains certain quan-

tity of sugar. The aerobic yeast that acted initially give way to anaerobic ones, which
accomplish the second fermentation more softly and slowly than the first. At the end,
the wine has been obtained.

There is a possibility of a second fermentation to obtain sparkling wine, that is, a
wine with bubbles. Champagne is a specific regional name reserved for the Champagne
region of France, but it is also produced in other areas (called “cava” in Spain). The
second fermentation occurs in the bottle after a certain amount of yeast and sugar has
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Figure 4.20. Tube heat-exchanger group.

Figure 4.21. Plate heat exchanger.

been added to the wine. A movement of the bottle during this fermentation with a specific
rhythm is needed to complete the process.

In some cases a process of “carbonic maceration” or whole-berry fermentation can
be done, in which the grapes are not crushed and fermentation is performed inside the
grape. The result is a fresh, light wine not appropriate for aging.
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Storage, Aging, and Expedition
Some wineries are devoted to bulk wine production; others add the processes of

bottling and, eventually, aging of wine. The former ones only have to consider a need to
store the wine that may be solved in the same tanks used for fermentation or in different
tanks. It is very common to use large tanks outside the buildings, of 1000 m3 or more,
to keep the wine until marketing and distribution.

In those premises in which aging of wine is accomplished, the first operation is to
transfer the wine to barrels of oak wood (until that moment of the elaboration process,
tanks are made of concrete or steel), so that it acquires the characteristic flavors of tannin,
vanillin, and wood. There is also some kind of oxidation because of the permeability
of wood to oxygen. In these oak barrels the wine stays for a period of 6 months to 5
years, depending on type and final quality of the wine. During the time wine is in the
barrel, temperatures must be constantly low and humidity high; also, the wine must be
maintained resting quietly. This usually is done by maintaining it in underground cellars.
Once the barrel aging is concluded, the wine is bottled and the aging process can go on
inside the bottle. The aging in the bottle lasts more-or-less half of the time in the barrel
(although there are exceptions such as Port wine, which can stay in the bottle more than
10 years before being sold).

Wine without aging goes directly to consumption after it is stabilized through refrig-
erating and filtering treatments, even pasteurized, and finally packed. Some wineries sell
bulk wine to other wineries for blending, or to bottling industries or for distillation in
alambic stills as a base for the manufacture of brandies.

At present, wines arrive to the consumer in packed form and, very rarely, in bulk form.
Containers tend to be glass bottles for expensive wines, or carton bricks for cheaper
wines. One way or another, it is required that previous treatments assure quality as well
as stability.

Cold Application in Wine Stabilization
Cold can be used for the regulation of the must fermentation, as well as to guarantee

the subsequent stability of the wine. In fact, the young wine contains certain substances
that should be eliminated to assure its good quality. These substances are the following:
• Colloids and sludge, which can be extracted by centrifuging or filtering
• Pigments
• Yeast and bacteria, which can be extracted by filtering or using membranes
• Dissolved substances, which can be precipitated by variations in the wine temper-

ature (bitartrates).
Bitartrates, which are dissolved at normal temperatures, can precipitate if the wine is
cooled. This is the reason for eliminating these salts before bottling.

The best-known procedure for stabilization consists of submitting the wine to suc-
cessive cold and filtration treatments. Cold treatments produce the tartrate crystals, and
by filtration their elimination can be achieved. The system has many variants, according
to the opinion of enologists. It is evident that the final wine quality depends as much on
it as on the initial wine characteristics. In any case, it a process that lasts several days
and implies an installation of certain importance.
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Figure 4.22. Flowchart of wine-stabilization system.

In Fig. 4.22 the flowchart of a wine-stabilization system of a certain complexity is
represented, previous to bottling. It can be seen that the cooling of near to freezing
temperature is the most important step to obtain precipitation bitartrates.

The process stages are as follow.

Blending and Homogenizing
Modern wines usually come from blends of two or more types, in adequate pro-

portions. This blending can be done in a stainless-steel or polyester tank with agitator
blenders and a minimum capacity of the daily volume of bottling. It is convenient to have
at least two tanks, so that one can be filled while the other is emptying. Another solution
is to have only one tank, but of double or triple the capacity of the daily treatment.

Diatomaceous Earth Filter.A filter is devoted to getting a first cleaning of the wine,
extracting the sludge, colloids, and solid substances in suspension that may be contained.
The yield of the filter must be at least the hourly bottling capacity (Fig. 4.23).

Three Days Rest.Some time of wine resting is advisable after filtering. Three days
is considered adequate. So five tanks should be used, each holding the daily bottling
capacity, so that one is filling, three resting, and the fifth supplying wine to the following
stage.

Figure 4.23. Diatomaceous earth filter.
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Refrigeration. This is accomplished in two stages:
• Recovery, from approximately 20 to 3.5◦C, in a plate heat exchanger passing up-

stream with wine already cooled. So, this phase means a thermal jump of 20−3.5=
16.5◦C.

• Cooling, from 3.5◦C to temperature near freezing: for example,−5◦C. The wine
freezing temperature is approximately:

t = (alcoholic degree− 1)/2

For example, a wine of 13 alcoholic degrees will be frozen to−6◦C, so it should not be
cooled below−5◦C. Consequently, the refrigerating power of the equipment must be:

q × 3.74 kJ/kg◦C× (3.5+ 5)= q × 31.79 kJ/h,

in whichq is cooled wine flow (m3/h), and the specific heat of the wine is 3.74 kJ/kg◦C.
Note that the recovery cooling does not have an energy demand, because it is consid-

ered a simple heat exchange. For cooling, refrigerating equipment is necessary whose
condenser can be cooled by an air stream or by water. In the latter case, it is useful to
install a recovery tower to save water.

Seven Days’ Isothermal Rest.The wine at−5◦C has to rest for easy bitartrate-crystal
formation. This occurs in isothermal tanks, of stainless steel or polyester, with daily
bottling capacity in each of them, of which there must be nine units (one being filled,
seven in rest, and one being emptied).

Filtering. After the previous rest, once the bitartrate crystals are formed, wine is filtered
to separate such crystals. A plate filter can be used with minimum yield for the bottling
capacity.

Rise of Wine Temperature.The previous filtering has been made at−5◦C, the same
temperature at which the wine has stayed in the isothermal tanks. Now it has to return
to a normal temperature; this is done by passing wine upstream, allowing the wine that
enters to cool in the recovery section. If, for example, the final wine temperature has to
be 15◦C, the heat exchange will be:

3.74(15− [−5]) = 74.8 kJ/kg

higher than 3.74×16.5= 61.71 kJ/kg, necessary to cool the entering wine which yields
a process efficiency of

61.71× 100/74.8= 82.5%.

Rest of 1 Day.This is accomplished in a tank with at least daily bottling capacity. It
serves, furthermore, as stream regulation previous to bottling.

Filtering. This is the last process before bottling. It uses the same kind of equipment as
in the previous step. Its yield has to be at least the daily bottling capacity.
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Design Process of a Winery
An example of a real case is presented to illustrate the process of design. The case is

the design of the cold installation needed to supply a wine-bottling plant that works at
the rate of 10 m3 daily. Temperatures of the process would be those previously indicated.
Requirements are as follow:

Treatment stream flow: for a shift of 5 working hours, 2 m3/h
Homogenizing and blending tanks: for example, two units of 10 m3

Diatomaceous filter: one unit with minimum flow of 2 m3/h
Three-day’s-rest tanks: five units of 10 m3

Refrigeration
Recovery stage: plate heat exchangers; recovered cold: 2 m3/h×1 kg/m3×
3.74 kJ/kg◦C× 16.5◦C= 123.4 kJ/h
Cooling step: equipment must be able to facilitate 2 m3/h×1 kg/m3×
3.74 kJ/kg◦C× (3.5+ 5)◦C = 63.6 kJ/h; refrigerating power must be at
least 71 kJ/h, considering a 90% efficiency

Seven day’s isothermal rest: nine tanks of 10 m3 are needed
Plate filter: minimum flow of 2 m3/h
Wine temperature raising: done in the recovery section; wine increases its

temperature from−5◦C to 15◦C, taking heat from the wine that is entering
in the section, whose temperature goes from 20◦C to 3.5◦C, varying
16.5◦C; so, the heat exchange is 2 m3/h×1 kg/m3×3.74 kJ/kg◦C×20◦C=
149.6 kJ/h, and the taken heat is 2 m3/h × 1 kg/m3 × 3.74 kJ/kg◦C ×
16.5◦ C = 123.4 kJ/h, which implies an efficiency of 82.5%, as already
had been calculated.

One day’s rest: one or two tanks of 10 m3

Filtering: plate filter of 2 m3/h flow is needed

Installation summary:
• Tanks of 10 m3

• 2 units for homogenizing and blending
• 5 units for 3 day’s rest
• 9 units for isothermal rest
• 2 units for 1 day’s rest
• Total, 15 units
• Filters of 2 m3/h of flow: 1 diatomaceous, 1 of plates after isothermal, 1 of plates

before bottling
• Recovery section by heat exchange of 2 m3/h of flow and exchange capacity of 150

kJ/h
• Cooling equipment of 71 kJ/h and 2 m3/h flow
• Pumps, pipelines, valves, etc. necessary to move the wine

Figure 4.24 shows an installation similar to the one described.
According to the previous text, stabilization process time is approximately 12 to 13

days. An important number of tanks and a large built space are required. In order to
achieve a lower process time, as well as a reduction in the number of tanks, certain
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Figure 4.24. Cold-stabilization installation.

techniques that associate the application of cold with wine bulk agitation are being used.
This causes immediate formation of bitartrate crystals, which afterwards are separated
through filtration or centrifugation. These systems reduce the treatment time to 1 day.

It also must be taken into account that the example of a stabilizing plant consti-
tutes a very complete case. More elementary installations with less intensive service are
frequent.

4.1.3 Process and Winery Design Data

Design Data
Some average standard data for winery design are the following:
• Average wine/grape yield= 0.70.
• Average pomace/grape yield= 0.15.
• Capacity of the reception hopper: enough for 1 to 2 work hours.
• Density of the clusters in the reception hopper: 7 kN/m3

• Density of the duly compacted pomace in pomace bins: 6.5 kN/m3

• Density of the must wine: varies according to alcohol content; 10 kN/m3 can be
considered for tank and other process design
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• Harvest duration: 15 days, more or less, unless special circumstances advise ex-
tending it. Working hours in the field as well as in the winery tend to be longer
than 8 hours. These circumstances influence the capacity of processing machinery.
Machinery capacities have to be selected taking into account these data, which may
be obtained from previous experience or by programming the harvest.

Grape-entry volume grows from the beginning of the vintage until the central days,
to descend at the end of the season. Because of this, in order to calculate the size and
capacity of the elaboration machines, it can be assumed that on top days the intake is 20%
to 25% larger than the season average. Finally, once the hourly processing capacity has
been obtained, machines that reach it or surpass it slightly will be chosen. On the other
hand, it is better to use two pieces of equipment instead of one alone, so a breakdown
reduces production to half but it does not stop it entirely. Nevertheless, that solution is
somewhat more expensive.

Fermentation Tanks
Good fermentation control needs tanks with capacity of approximately 20 m3,

although larger tanks are used in some wineries.

Storage tanks
Storage and fermentation tanks are not differentiated in many wineries. But the exis-

tence of large tanks, not only for the annual campaign but also as interannual regulation
of productions, is increasingly frequent. These are usually steel tanks, with capacities
up to 1000 m3. The presence of these tanks is more frequent in nonaging wineries.

4.1.4 Design Example

A winery that is going to receive a 30,000 kN grape crop has the following require-
ments:

Winery capacity: 30,000×0.7=21,000 kN= 2100 m3

Pomace volume: 30,000× 0.15= 4500 kN; 4500 kN/6.5 kN/m3 = 692 m3

Machinery design: average elaboration yield, 30,000 kN/15 d= 2000 kN/d;
top days, 1.2×2000= 2400 kN/d; hourly capacity, 2400/8= 300 kN/h.

Process machinery can be selected with this capacity and also with 150 kN/h;
therefore, it is possible to adopt a group of machines of 300 kN/h or two
groups of 150 kN/h

Fermentation and storage tanks:n = 2,100/20= 105 tanks; it is convenient
to add a 5% more as safety margin—that is to say, 110 tanks of 20 m3 are
needed in the winery

Grape-reception hopper, triangular base section 5 m and depth 2.50 m: ca-
pacity by meter of hopper, 0.5× 5× 2.50× 7 kN/m3 = 43.75 kN/m;
for operation of the machinery between 1 and 2 hours, 1.5× 300 kN/hr
/43.75 kN/m= 10–11 m of hopper length

Labor and costs: Labor needs for the example winery can be three permanent
people, two for quality control and one more in the process section. Two
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more would be needed during the harvest time. Cost of machinery could
be of US$300,000, varying greatly among different countries.

4.1.5 Winery Description

A more complete winery description can be seen in Ref. [3].

Reception Hopper
This is usually built of concrete or reinforced concrete. The surfaces are polished or

covered with glazed tiles or better with stainless steel to facilitate the flow of the grape
clusters. The hopper walls project up from the soil 0.25 or 0.30 m to avoid entrance of
rainwater reflected by the contiguous pavement. The dihedral faces have equal slopes
if two worm screws are used and unequal if only one. So, clusters vault and empty
operation of worm screw will be avoided. In no case is wall slope less than 45 degrees.
The set is covered with a roof whose supporting structure is located so that it does not
block vehicle circulation.

The use of this type of hopper implies that cluster dumping must be made by hand
or the use of self-dumping transportation vehicles. But in some areas grape transporta-
tion is made by tows provided with canvas or plastic, on which clusters are loaded. So,
it is very convenient to have mechanisms that facilitate dumping. Among them is the
unloading tipping platform, as shown in Fig. 4.3, which consists of two pieces one after
the other. The placement maneuver of the tow is thus simplified: One of the platforms
is placed over the hopper and acts as bridge to get the tow pass over, until it is located
on the other platform. Afterwards, both are lifted and the grape falls between them,
just within the hopper. Also, hydraulic jacks can be found that incline the vehicles to
facilitate dumping, although damage can be caused to the tow if these are not properly
operated.

Another solution consists of having a sole unloading tipping platform near the hopper
that is lifted parallel to it, which facilitates tow dumping by one of its sides. In some
wineries with little space for vehicle movement, grape aspirators have been successfully
installed. The aspirator has a mobile mouth that can reach any point of a shipment located
under it. Such a mouth is fitted to a flexible pipeline that ends in a potent cyclone, which
absorbs the clusters through the mouth and pipeline and exhausts them onto the crusher,
located below, by the air expansion during entry in the container. Naturally with this
exhaust system the receipt hopper is not needed; therefore it can be adapted to wineries
with scarce space.

In most cases, the reception hoppers are built, with platforms as well as without them,
isolated from the remaining buildings of the winery, so that they will be accessible from
each of their sides.

The centrifugal crushers receive the clusters from the lower part; therefore, the place-
ment of these machines requires a perfect alignment between the shaft of worm screws
and the shaft of the crusher’s orifice. In other models the grape is received by the upper
part, which makes it necessary to dig large pits to place the crusher. A building is made to
locate the crusher and the vintage pump, the dimensions of which are dictated by those
machines.
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Press Room and Pomace Bins
The press room is designed in agreement with the drain and press machines. If there

are pomace bins, they are located adjacent to the press room so that the pomace passes
directly from the presses to a by-pass that distributes it into different bins. Otherwise,
if there are no pomace bins built, it can be designed a container or hopper elevated over
the flour. This hopper is loaded through a worm screw, which collects pomace from
the press exit. Hopper emptying is done through openings in its base into by-product
transportation vehicles, which can pass under the hopper.

In wineries with red-wine elaboration it is convenient to have the press room next
to the storage building. So, according to what has been said, once the first fermentation
has finished the must wine passes to drain and press machines. Therefore, proximity of
tanks to these machines is necessary.

If the elaboration is only of white and pink wines, the press room and pomace bins
can be built separate of the other buildings. This facilitates access to all buildings and
possible winery amplifications.

The machines of the press room, one or several, are as follow:
• Vibrator or static drain hopper
• Separator presses
• Presses
• Pomace evacuator (in general a crusher, collector, elevator, and distributor)
• Transferring pumps
As has been shown, three or four must classes are obtained that it is advisable to sepa-

rate. For this reason underground sumps are built. To those sumps hoses from each one of
the press machines are conducted. The whole capacity of the sumps must be equivalent to
the hourly must production, and their number depends on the selection degree made with
musts or wine. There are at least two units. Thereafter, the must is pumped separately to
the fermentation tanks in white-wine processing or to storage in red-wine processing.

Construction of Press Room
The press room is of simple construction. Mass concrete or slightly reinforced concrete

is used in foundations, benches, and the ground floor. The floors are smooth with good
drainage to avoid puddles. The structure is of reinforced concrete, steel, or any other
material adapted to the building dimensions. There are simple walls of conventional
type, roof with thermal insulation of sufficient quality, metallic doors easy to handle
and of dimensions adapted for installed machines, windows of concrete, metal, or PVC
with enough opening to guarantee ventilation; good light, natural as well as artificial
(300–500 lux); and power take-off in accordance with the installed machines. Even
the general switchboard of the winery could be installed in this room, with the proper
security measures. Plenty of pressured water is needed in this room. The sewer system
is minimal, an inspection chamber for cleanliness of water being enough. Towards this
inspection chamber the floor inclination is directed.

Pomace Bins
Pomace bins are built of mass or reinforced concrete, with a depth not larger than

5 m to avoid difficulties in pomace extraction, or even smaller if a high water table is
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Figure 4.25. Press buildings.

present. Placement of bins in double string is advisable, because this permits location
of the pomace unloader in the central wall, so that it can unload to the right and left.
Direct access from outside to the bin strings is necessary. If pomace bins are designed
adjacent to a press-room wall or to a loading-wharf wall, it will not be possible to have
that arrangement, and only one string should be built. As a rule, bins are covered with a
light roof; their lateral fa¸cades can remain open or be closed with simple walls with the
necessary openings.

In wineries that employ reduced-pressure presses, the pomace depletion does not
become complete; therefore it is usual to have “purge sumps” in pomace bins in simple
inspection chambers in accessible corners, toward which is the inclination of the floor of
the bin directed. So the fluids from the pomace remain isolated from solids and in contact
with the open air through a brick chimney. Two press-room models are represented in
Fig. 4.25. The first corresponds to a white-wine winery and, together with the pomace
bins, forms a set of equipment isolated from the rest of the winery constructions. The
second belongs to a red-wine winery; the press room is near the storage room. At the same
time pomace bins are adjacent to both rooms. In both models pomace bins can be replaced
by an elevated steel hopper in case of continuous pomace removal.

Storage Room
Must storage, fermentation and subsequent conservation of the wine can be effected

in a storage room, which can be a building or section of a building. In all cases the
storage room is full of tanks on the ground floor, and in some wineries underground bins
as well. Storage-room dimensions are fixed according to the number of tanks and their
characteristics. The storage room must have the following conditions.

Insulation
There must be good cover and wall insulation. Transmission coefficients should not

be higher than 2.9 and 4.15 kJ/m2·h·◦C, respectively.
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Ventilation
Good ventilation is necessary at all levels to facilitate the carbonice anhydride ex-

haust produced during the fermentation. This gas is heavier than air and will remain
in the lowest parts of the room. Because of this, holes at that level are advisable and,
eventually adequately situated air fans will have to be installed. Mobile fans that can
solve deficiencies in a wrongly projected ventilation system can be found.

Tanks
With the on- and underground tanks there must exist a great bin, preferably under-

ground, intended for blends or “coupages.” Its capacity is more than five tanks. It is
located in an area of easy access to tankers for direct wine charge. It is also necessary to
have several small tanks whose added capacity is the same as one storage tank and that
are destined for withdrawal of wine excess during emptying of larger tanks.

Drain Pipes
An adequate net of drainage pipelines for evacuation of cleaning waters must be de-

signed. However, if some or all of the surface is occupied with underground bins, pipeline
tracing is hindered and the net is limited to one drain pipe located in a transverse sense
and toward which the longitudinal channel opened over the top slabs of the underground
bins is be directed. In small wineries the absence of a sewer net is frequent; a set of
interior channeling that ends in an underground bin is enough. Washing the winery be-
fore each elaboration, the foul waters are collected in that bin and pumped outside. The
underground bin can be cleaned and prepared also to receive wine from overfilling or
other tanks breaking.

Other Buildings and Facilities for Storage
The storage shed as well as the other winery buildings should have an adequate

distribution network of drinking water. Winery water needs are not very important,
except in the cases of the bottling section and the consequent bottles washing.

In some wineries large outdoor steel tanks are built for partial storage, complemented
with a building for smaller tanks. All storage can be done in large tanks. In this case there
is not a storage building. An area for the manipulations previous to expedition is needed.

4.1.6 Tanks

Only descriptive aspects are mentioned here. Structural design of tanks can be seen
in Ref. [3].

Wall Materials
The tanks can be constructed of ordinary steel with internal anticorrosive finish,

stainless steel, reinforced concrete, reinforced polyester, or oak wood.

Position and Construction
In relation to their position in the storage room, they can be on the ground, that is to

say built on the soil level; or underground, or built under the average level of the winery.
As a rule, underground bins are reinforced concrete; on-ground tanks can be of con-

crete, steel, polyester, or wood. The last, the most expensive, mainly are used in wine or
liquor aging. They are not used in the wineries that sell wine less than a year old.
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Tank construction, of any material and shape, is subject of a certain specialization;
experts must be relied on for quality.

With respect to the most convenient material and shape of tanks, it can be said that
for racking and first fermentation steel or reinforced concrete tanks are preferred, on the
ground and with low manholes that are used to extract the solids. Their capacity should
not be excessively large, for a better fermentation control, 20 m3 is adequate. Cylindrical
tanks present the advantage of remaining isolated from each other by a space never
smaller than 0.5 m, which permits avoiding fermentation interaction between tanks.
On the other hand, they demand larger building surface. Stainless-steel tanks, although
somewhat more expensive, are the most common because of their hygienic conditions.
Prismatic tanks, generally of reinforced concrete, are built in sets of several units, so
that their walls are shared between two tanks. That circumstance makes it advisable to
establish insulation joints to create groups of units in contact, with a whole capacity of
near daily must production. For example, if the mean elaboration of a winery is 200 m3

daily and fermentation tanks are 20 m3, the insulation joints should be created every 10
tanks, so only tanks filled on the same day are in touch, in which fermentation processes
are similar.

For secondary fermentation and wine storage any type of tank can be used.

Advantages and Disadvantages
Among concrete tanks, cylindrical are more economical than prismatic. The first

require a greater space and the accomplishment of a high floor for manipulations. This
can be saved in the prismatic tanks; for this purpose the upper slab is used. However, the
total investment is lower with cylindrical tanks because of lower structural loads.

As a rule, underground tanks are prismatic and of reinforced concrete. Their walls are
designed to resist liquid and earth loads, as well as the loads exerted by the next foun-
dations. Because of their underground placement they maintain a uniform temperature
throughout the year; therefore, they are very recommendable for storage of wine that
stays in the winery during summer.

Steel tanks are usually cylindrical and can be of great capacity, which makes them
very adequate for storage. They can be installed in a vertical or horizontal position, which
is a very important facet of their design. The first arrangement takes better advantage of
the space; the second permits installation in two or more levels, after adequate structure
construction (Fig. 4.26). Stainless-steel tanks increase investment, although they provide
an extraordinary conservation guarantee of the content as well as of the tanks themselves.
The advantages that steel tanks present for the fermentation control have been indicated
previously; they are a consequence of the high thermal transmission of their walls, which
allows shower refrigeration or refrigeration through a fixed cooling circuit, as well as, if
necessary, a heating circuit to enhance the start of fermentation in cold zones.

Glass fiber–reinforced polyester tanks have been used increasingly for some years
now. This is a material resistant to nearly all chemical agents, easy to clean, and very
economical (Fig. 4.27).

If thermal insulation is required in steel or polyester tanks, they are lined with an
adequate insulation material (polystyrene, polyurethane, mineral fibers, etc.) and also an
external wrapper of steel or plastic.
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Figure 4.26. Vertical steel tanks.

Figure 4.27. Polyester tanks.
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Wood containers are an expensive investment but are essential for good wine aging
due to their walls’ porosity, which enhances a very slow oxidation, the basis of the aging
process. These barrels are made by coopers who reside in certain wine regions of strong
tradition.
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4.2 Olive-Oil Processing
E. Garcia-Vaquero and P. J. Aguado

4.2.1 Olive Composition

According to Civantoset al. [1], the average composition of an olive when it is
harvested is

Vegetative water, 40% to 55%
Oil, 18% to 32%
Nut, 14% to 22%
Seed, 1% to 3%
Epicarp and rest of the pulp, 8% to 10%

The average composition of fatty acids in the oil is

Oleic acid, 63% to 81%
Linoleic acid, 5% to 15%
Palmitic acid, 7% to 14%
Stearic acid, 3% to 5%
Arachidic acid, 1% to 3%

Olive oil also contains 0.5% to 1% unsaponificables particularly rich in beta-sitosterol
and squalene.

Other vegetable oil’s compositions are as follows

Sunflower oil
Linoleic acid, 70%
Oleic acid, 16%
Palmitic acid, 7%
Stearic acid, 4%
Unsaponifiables, 1%
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Coconut oil
Lauric acid, 39% to 54%
Myristic acid, 15% to 23%
Caprylic acid, 6% to 10%
Palmitic acid, 6% to 11%
Capric acid, 5% to 10%
Oleic acid, 4% to 11%
Stearic acid, 1% to 4%
Linoleic acid, 1% to 2%
Unsaponifiables, 0.6% to 1.5%

Soybean oil
Linoleic acid, 46.2% to 52.6%
Oleic acid, 21.9% to 26.6%
Palmitic acid, 9.5% to 12.2%
Linolenic acid, 7.9% to 8.5%
Stearic acid, 4.9% to 6.1%
Unsaponifiables, 0.5% to 1.6%

4.2.2 Industrial Process

In Fig. 4.28 several stages of the industrial process are shown.

Reception, Cleaning, and Control
When the olive shipment arrives to the processing plant, olives must be cleaned

because they contain leaves, branch pieces, nuts, and so forth. A machine based on
vibratory sieves can be used for this purpose (Fig. 4.29).

Quality control consists of selection and classification of the incoming product into
quality classes, in a sample extracted through different ways. The classes selected consist
of variety, damages caused by insects or mechanical damage, ripeness, and so forth.

Figure 4.28. Process flowchart.
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Figure 4.29. Hural cleaner.

Each load has to be controlled by weighing it in a hopper scale. The hopper with a
capacity for 1 or 2 tons is fixed on a platform that transmits the measured weight to the
control post at the entrance of the processing plant.

Olives are carried from the initial hopper to cleaning and control by rubber conveyor
belts with a suitable slope and length (Fig. 4.30).

Storage Containers
When the olives leave the hopper scale, they are carried by a conveyor belt to the

storage containers (Fig. 4.31). In the new industries, storage containers are large hoppers
made of steel sheets with enough capacity for the volume that the industry can process in
2 or 3 days. In this way the production does not stop when olive shipments do not arrive
due to bad weather or other reasons. That is also a reason why during the oil-production
season industries work 24 hours without interruption.

Olive Washing
Recently harvested olives carry soil, mud, and other residues. Therefore they must be

washed before their elaboration.
Olives are washed twice, first with water when olives are in the hopper of the washing

machine (Fig. 4.32), and second with a water bath. Finally, olives leave the machine on
a wire-mesh conveyor to remove the water.

Milling
Milling is done using a hammer mill (Fig. 4.33). The olives, after leaving the washing

machine, come into the milling chamber, where the hammers spin at high speed. Ham-
mers throw the olives onto the perforated steel shell. Paste passing through the shell is
dragged out by blades to ease the exit of the paste across the openings.
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Figure 4.30. Common reception, cleaning, washing, and control system (Hural system).

Figure 4.31. Storage containers. Olives are stored before they are milled.
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Figure 4.32. Pieralist olive washing machine.

Figure 4.33. Olive mill. This machine crushes the olives using blades with hammers.

The old “rulos” mills or stone rollers have been replaced by the hammer mills. Nowa-
days few industries still use the first ones.

Heat Beating
Vegetable fat must be reduced to facilitate the grouping of the oil drops and to enhance

the removal of the oil from the rest of the paste. Vertical and horizontal beaters are used
(Figs. 4.34 and 4.35). Vertical beaters have a cylindrical shape with two concentric shells.
Between these two shells hot water flows to heat the paste. Heat convection is increased
by small spinning shovels.

Horizontal beaters have a semicylindrical cross-section. They have also double-shell
and spinning shovels to heat the paste. Two or three of these beaters can be placed in
“cascade” to improve the yield.
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Figure 4.34. Vertical beater. This machine increases the drop size of
the paste to make easier the subsequent oil extraction.

Figure 4.35. Horizontal beater.
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Figure 4.36. Decanter (Horizontal centrifuge). This machine separates the three phases of the
beaten paste (oil, vegetative water, and pomace) or the two phases (oil and vegetative water,

and pomace).

Figure 4.37. Decanter (horizontal centrifuge).

Depending on the olive moisture content it may be necessary to add water to increase
fluidity of the paste. Beating takes approximately 1 hour.

Oil Separation
Beaten paste is pumped to a horizontal centrifuge that must add cold and hot water,

about 30% to 60% of the mass, to facilitate the separation.
Horizontal centrifuges (Figs. 4.36 and 4.37), also calleddecanters, separate the three

phases of the beaten paste. Because of the centrifugal forces, components with higher
bulk densities (solids or pomaces) are located in the periphery and are extracted through
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Figure 4.38. Vertical centrifuge, where
oil–vegetative water separation is completed.

one end. The intermediate bulk density phase—vegetative water with the water added
to facilitate the paste pumping—stays in between and comes out through an opening.
Finally, the lighter phase, that is, the oil, stays in the center and comes out through the
corresponding opening.

Therefore, the horizontal centrifuge forms, from the center to the periphery, three
concentric rings with solids, water, and oil. The separation is not perfect, however, so
zones with a mixture of phases appear in between. Therefore pomace comes out mixed
with a part of vegetative water and, as a consequence, the moisture content of the mixture
is 50%. On the other hand, vegetative water will carry some oil and, obviously, oil will
carry some vegetative water, so the separation has to be completed.

This second separation is carried out in vertical centrifuges (Fig. 4.38). As a result,
vegetative water is largely degreased and oil is extracted without water.

Because the subsequent vegetative water removal is a serious problem, because it is
very polluting, many oil industries adjust the decanter in a way that most of the pomace
and vegetative water are extracted together. This way, the problem is passed on to the
extraction industries, which have to dry the pomace before the olive-oil extraction. That
involves evaporating the vegetative water with a high energy-input increase. To make
this process cheaper and more environmentally appropriate, the “orujillo” (pomace after
fat is removed) is used as a fuel.

4.2.3 Olive-Oil Industries

The olive oil industries are called in Spanishalmazaras, a word of Arabian origin
(al-massara) that means squeezing place.
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Olive-Oil Industries Outputs and Design Data
From every 100 kg of milled olives, after removal of impurities that came with the

olives, the following products are obtained:

Clean oil, up to 26.5 kg
Vegetative water without olive oil, 76.5 kg
Pomace (moisture 50%, oil 4%, solids 46%), 42 kg
Total, 145 kg

(It must be taken into account that cold and hot water are added to the beaten mass before
entering the decanter).
Further data are as follows:

1 m3 of olives weighs 630 to 650 kg
1 m3 of pomace (moisture of 50%) weighs 750 kg
1 m3 of olive oil weighs 920 kg

The olive-harvesting season lasts between 30 and 60 days, depending on the weather
and other circumstances during the year. Olive-oil processing plants work between 40
to 60 days, 24 hours per day, from which only 20 are effective.

There are two types of storage tanks: inside tanks and outside tanks. Inside tanks are
placed inside the oil-olive cellar, and their capacity is from 10 to 50 m3. Outside tanks
are of the silo type, and their capacity is 500 m3, or more.

Processors in this economic sector do not like open-air tanks; nevertheless, these are
becoming very common due the lower investment needs for buildings and space. They
must be constructed of stainless steel but can also be built using steel with a protecting
coating inside.

Description of an Olive-Oil Processing Plant
Equipment can be installed inside or outside the building; therefore, outside and inside

equipment can be distinguished.
Generally, heavy and cleaning equipment, as well as storage containers, are built in

the open, while the rest are placed indoors.
These buildings have the following areas.

Processing Area
The processing area has mills, beaters, decanters, and vertical centrifuges, as well as

pumps that pump the oil to the storage tanks. Buildings can have rectangular shapes with
enough space for the machines and staff activity. A height of 4 m is sufficient.

Because beaters need a heat supply, this is enough to heat the processing area. In any
case, the temperature must not be less than 18◦C.

In the process room, the floor is constructed of materials that resist corrosion by
liquids produced in the industrial processes. It must be also washable, nonslippery, and
easily repairable. It must have sewers and suitable slopes (1%) to drain the washing
water. Walls are constructed of smooth, washable and easily repairable materials. In
older times, the lower 2.5 or 3 m, at least, of the walls usually was covered with tiles.
Currently it is covered with continuous coverings, such as epoxy resins, which are more
effective but a little less esthetic.
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Ceilings should be smooth and of easy cleaning. Aluminium and prelacquered steel
sheets can be used. It is very important to have a good heat isolation. For water and elec-
trical installations, pipes and electrical ducts must be uncovered and suitably protected
and provide easy access. Usually, natural ventilation is adequate. Otherwise, ventilation
equipment has to produce total air exchange 10 times per hour. There should be natural
or artificial illumination of approximately 400 to 500 lux.

Oil-Olive Cellar and Storage Area
It has been mentioned that olive oil can be stored in outdoor or indoor tanks. Plants

that store it indoors place the tanks in a special building. Generally, the cellar is a shed
joined to the processing room to facilitate the oil transfer.

Storage capacity can be the annual harvest or only a part of it (if the plant sells and
produces the oil simultaneously). Anyway, the different harvests of each year make it
very difficult to calculate this parameter. Some details of the olive-oil cellar design can be
mentioned: Floors, walls and ceilings are similar to those used for the process room, but
the top layer need not be so fine. Preferably, the cellar will have low natural illumination,
but on the other hand, it is necessary to have sufficient artificial illumination for the
works carried out in this room (50–100 lux). In the same way as for the processing
room, pipes and electrical ducts must be uncovered but suitably protected. Heating is
essential for good oil preservation. The temperature inside the cellar must not be less
than 18◦C.

Additional Facilities
Besides the mentioned buildings, which are the main parts of the processing plant,

the following facilities must be available:
• A cabin for the scale arm and the person who controls it; entrance and unloading

area must be controlled from it
• An office, size of which depends on the industry size and importance
• A laboratory for the necessary tests for oil elaboration and storage
• Bathrooms and changing rooms for the staff during the oil-production season and

for the rest of the year.
• A room of suitable size where the water heating is located; hot water, at a temperature

of 80◦C, is essential for the elaboration process and for ambient heating; if “orujillo”
is used as fuel, a storage facility must be built close to the previous room, with
capacity covering the needs for a 2-week working period.

• A separative sewer net, that is, vegetative water and rain water are piped sepa-
rately; the first must be piped to a pond, with waterproof walls, from which it will
be periodically extracted for depuration or removal to a suitable community in-
stallation; rainwater and wastewater from the bathrooms are piped to the town’s
sewers.

• Finally, surface for all installations, which must be mostly paved to facilitate the
access and parking of the olive- and oil-transport vehicles; must be fenced to avoid
trespassing.

Example of an Olive-Oil Processing Plant
A sample for an olive-oil plant for 2.106 kg of olives is as follows
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i) Productions (three phases: oil, vegetative water and pomace):
Oil - 2·106 × 0.265 (See 3.1)= 530,000 kg
Oil Bulk Density= 0.92 kg/l
Oil Volume= 530,000/0.92= 576,086 l
Vegetative water without olive oil= 2·106 × 0.765 (See 3.1)=1,530,000 kg
Pomace (moisture content of 50%)= 2·106 × 0.42 (See 3.1)= 840,000 kg

ii) Processing season length= 40 days.
iii) Facilities:

Processing= 2·106 kg/40 days= 50,000 kg/day
Machinery performance (See 3.1)= 50,000 (kg/day)/20 (h/day)= 2,500 kg/h
Boiler performance= 335,000 to 420,000 kJ/h
Energy requirements= 75 kW
Water requirements= 50,000 (olives/day)× 0.002(m3/kg)= 100 m3/day
Cellar tanks size= 50,000 l/unit
Number of cellar tanks= 576,086 (l)/50,000 (l/Units)= 12 tanks

iv) Investment for plot, access, fence, transformer, etc.
Plot - 10,000 m2 × 5.2 ($/m2) = $52,000
Access. . . . . . . . . . . . . . . . . = $25,800
Transformer - 150 kVA . . . . = $38,700
Other Investments- . . . . . . . = $13,000

Total . . . . . . . . . . . . . . = $129,500
v) Investments for the reception area:

Buildings and facilities (plumbing, wiring, sewers, etc.)
250 (m2) × 387 ($/m2) . . . . . = $96,750
Machinery (cleaning, washing, weighting, transport and
storage). . . . . . . . . . . . . . . . .= $193,548

Total . . . . . . . . . . . . . . = $290,298
Workforce= 2 shifts× 2 workers= 4 workers

vi) Investments for the processing area:
Building and facilities (plumbing, wiring, sewers, etc.)
300 (m2) × 645 ($/m2) . . . . . = $193,500
Processing machinery. . . . . = $322,600

Total . . . . . . . . . . . . . . = $516,100
Workforce= 3 shifts× 2 workers= 6 workers

vii) Investments for the storage area:
Building and facilities (plumbing, wiring, sewers, etc.)
240 (m2) × 323 ($/m2) . . . . . = $77,520
Stainless steel tanks (50,000 l/unit) -
12 (tanks)× 4830 ($/unit) . . .= $58,068

Total . . . . . . . . . . . . . . . = $135,588
Workforce= 1 shift× 1 worker= 1 worker

viii) Investments for the “By product” area:
Building and facilities (plumbing, wiring, sewers, etc.)
150 (m2) × 258 ($/m2) . . . . . = $38,700
Workforce= 0
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ix) Investments for laboratory and offices:
Building and facilities (plumbing, wiring, sewers, etc.)
100 (m2) × 516 ($/m2) . . . . . .= $51,600
Workforce= 1 shift× 3 employees= 3 employees

x) Investments Summary:
Plot, access, fence, transformer= $129,500
Reception area. . . . . . . . . . . . . .= $290,298
Processing area. . . . . . . . . . . . .= $516,100
Storage area.. . . . . . . . . . . . . . .= $135,588
By products area. . . . . . . . . . . = $38,700
Laboratory, offices. . . . . . . . . . = $51,600

Total . . . . . . . . . . . . . . . . = $1,161,786
xi) Workforce Summary:

Plot, access, fence, transformer= 0
Reception area. . . . . . . . . . . . . .= 4 Workers
Processing area. . . . . . . . . . . . .= 6 Workers
Storage area.. . . . . . . . . . . . . . .= 1 Worker
By products area. . . . . . . . . . . = 0
Laboratory, offices. . . . . . . . . . = 3 Employees

Therefore the workforce required is eleven workers during the processing season and
three employees all the year.
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4.3 Coffee Drying
Pedro Amorim Berbert and Juarez de Sousa e Silva

Coffee is a unique agricultural commodity. Because of the many successive layers
enclosing the seed, its drying characteristics are different from those of other agricultural
products such as cereals and oilseeds. The outermost layer of a ripe coffee cherry is a
thin pericarp or skin, which covers the pulp or fibrous fruit flesh. Next there is a layer of
mucilage, approximately 0.8-mm thick, which is translucent and colorless. The mucilage
has no definite cellular structure and resembles an amorphous gel. Then, there is a thin
yellowish parchment layer or endocarp and, finally, a silver skin covering the green coffee
seed [1]. Thus, the processes involving heat and mass transfer are different in coffee in
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the whole-fruit form than in other crops like wheat, soybeans, and maize, which have
remarkably different seed structures.

4.3.1 Natural Coffee

The factors that must be taken into account when deciding the method that shall be
used to harvest and dry coffee are determined mainly by economics, climate, and rainfall
distribution. In large areas of Brazil, a long dry and warm period usually coincides with
the harvest season. This induces a very rapid passage from the ripe to the partially dry
stage, thus making it impossible to harvest a large portion as fresh ripe fruit. Cherries
that are overripe and dried to the point of 45% (w.b.) moisture content or less cannot be
pulped because the skin is hard. Consequently, it is necessary under these conditions to
dry the cherries as whole fruits, producing what is referred to asnaturalcoffee [2].

4.3.2 Washed Coffee

The drying of washed coffee is another drying method that should be considered
by producers who are contemplating opportunities to deliver a high-quality product
to coffee processors. To prepare washed coffee, strip-picked cherries in various stages
of ripeness are subjected to water flotation to separate ripe cherries, which sink, from
green and partially dried fruits, which float. Next, the ripe-fruit portion is squeezed in
a pulping machine, which removes most of the skin and pulp leaving a slippery layer
of mucilage. Because this cannot be readily dispersed in water, it is removed by natural
fermentation or fermentation with added enzymes. The product is calledwashedcoffee
because the dispersible fermented mucilage finally is removed by washing with water.
After draining off the excess water, the coffee is dried to about 13% (w.b.) moisture either
in high-temperature mechanical or fixed-bed dryers or under the sun on paved drying
terraces. Carefully prepared and handled washed coffee is generally clean in flavor and
free from undesirable elements, but it lacks in body or full-flavored richness compared
with well-prepared natural coffee [1].

4.3.3 Pulped Coffee

Somewhat different from the method of preparing washed coffee is the processing
method used to obtainpulpedcoffee. In this method, both pulping and partial removal of
mucilage are accomplished in a single operation, and the coffee subsequently is spread
on sun-drying terraces. The incomplete removal of mucilage increases the difficulty of
drying for the first day or two because the seeds become very sticky and viscous, rendering
the coffee hard to handle; then, if favorable weather prevails, the surface becomes dry
and the coffee may be handled in the usual way thereafter [1].

4.3.4 Coffee Quality

Good control of coffee quality is related to the time it has been exposed to high
temperatures during drying. As an approximate guide, coffee will tolerate temperatures
of 40◦C for a day or two, 50◦C for a few hours, and 60◦C for less than an hour without
damage. If these temperature–time limits are exceeded, damage to coffee quality may
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be expected because overheating during drying produces sour or cooked flavors in the
brewed coffee [2]. Nonetheless, Castro [3] observed that, compared with the sun-drying
procedure, the quality of the brew was not impaired when natural and washed coffee
were dried at 80◦C in a 0.5-m–deep fixed-bed dryer with a 3-hour stirring interval and
an airflow rate of 12 m3·min−1·m−2.

Final moisture-content uniformity is one of the most important parameters defining
coffee quality. In cases in which drying is carried too far in order to achieve the set final
mean moisture content, bean moistures lower than 10% (w.b.) can result with marked
loss in coffee quality. Upon storage, even if coffee beans reestablish their equilibrium
moisture with the ambient air, the harm done to the coffee quality will not be corrected [2].

4.3.5 Coffee-Drying Methods

Due to their high moisture content at harvest, 60% to 70% (w.b.), ripe coffee cherries
do not flow easily in handling equipment (gravity spouts, hoppers, bucket elevators,
augers) and conventional mechanical dryers. Drum-type rotary dryers are an alternative,
but they generally are criticized for having low efficiency. As a result of this, the typical
coffee-drying process in Brazil consists of two different drying stages. In the first stage,
freshly harvested whole coffee cherries are spread on paved terraces, where they are
allowed to dry under the sun until they reach 35% to 30% moisture (w.b.), in the second
stage the coffee is dried in high-temperature mechanical or fixed-bed dryers down to
about 13% (w.b.) If the climate is such that dependable sunshine is available during the
harvest season, the drying process may be conducted entirely in open air. In this case,
the cherries are spread out on the drying terrace after harvesting and dried to about 13%
(w.b.) in a single operation. Another alternative is the complete drying of whole coffee
cherries in fixed-bed dryers. The principal drawbacks in utilizing mechanical dryers have
been the fact that they are designed to dry other products than coffee, and their relative
high cost. Despite the recent efforts to change this situation most of the commercially
available dryers still are inefficient and thus far have been used mainly in large-scale
operations.

Some innovative grain-drying methods generally applied to cereals and oilseeds have
been introduced in coffee-drying facilities in the past few years in an effort to increase
the drying capacity and the energy efficiency of conventional coffee-drying installa-
tions, and at the same time to maintain coffee quality. These methods include dryer-
ation, reversed-direction airflow drying, and combination drying. Several other high-
temperature, continuous-flow drying systems that traditionally have been used in either
the United States or Europe to dry cereal grains to safe moisture levels for long storage
periods have been adapted to dry natural, washed, and pulped coffee. These methods
include cross-flow, concurrent-flow, counterflow, and mixed-flow drying.

Sun Drying
Freshly harvested natural coffee generally has a wide range of moisture contents

(70%–25% [w.b.]). On arrival at the drying facility the coffee is subjected to water
flotation to separate soft ripe cherries from green and partially dried hard cherries.
These two groups are spread out in separate parts on the drying terrace using hand
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carts perforated for water drainage and equipped with a door located in the bottom. The
door is opened as the car is puled along leaving a layer of coffee of regular thickness on
the surface of the terrace.

The thickness of the coffee layer is approximately 4 cm at the beginning of the drying
process and may be increased to 10 cm when the coffee approaches the final moisture
content. During the daytime drying period the coffee frequently is stirred using rake-like
tools pushed by hand.

In the late afternoon of the fourth or fifth day of drying, when the moisture content has
dropped to approximately 30% (w.b.), the coffee is gathered into heaps or piles oriented
along the highest slope of the terrace and covered with plastic sheets or tarpaulins. The
sun’s heat absorbed during the day is partially conserved during the night allowing a
better moisture distribution within the cherries. The heaps or piles are uncovered later
in the morning and removed from the previous position to allow the wet surface of the
terrace to dry. The coffee is spread on the terrace again and the operations just described
are repeated until the coffee reaches the desired level of moisture. The sun drying of
washed coffee follows procedures similar to those used in the drying of natural coffee.
The main difference is that washed pulped coffee has a very uniform initial moisture
content and requires about one third of the drying time required for natural or whole-fruit
coffee [1].

In a drying experiment conducted by Lacerda Filho [4], the efficiencies of drying
terraces constructed of different materials (brick, concrete, asphalt, and hard soil) were
determined and the coffee quality also was evaluated. Table 4.1 shows the results of the
experiment carried out to dry natural coffee with 62% (w.b.) initial moisture content. All
treatments were subjected to the same solar drying conditions. The product subjected to
sun drying on compacted-soil terraces resulted in coffee of poor quality compared with
that dried on brick, concrete, and asphalt terraces.

Fixed-bed Drying
For small-scale operations, drying coffee in fixed beds has become one of the most

widely used techniques. Strip-picked coffee with a wide range of initial moisture contents
is placed in the dryer, and heated air is passed up through the coffee using a power-driven
fan. Loading and unloading generally are done by hand. Traditionally, as in cross-flow
dryers, the air temperature must be kept at moderate levels (<50◦C) in order to minimize

Table 4.1. Types of terrace drying of natural coffee

Type of Sun-Drying Moisture Content after 16 Days Specific Energy Requirement
Terrace (% w.b.) (kJ·kg−1)

Hard soil 18.0 17,870
Brick 14.2 16,600
Concrete 13.3 16,970
Asphalt 11.3 15,900

Source: [4].
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overdrying in those layers close to the input-air side of the dryer. Generally, the drying
is halted when the average moisture content of the whole bed has reached the required
level for safe storage. At this time, the grain close to the exhaust air side of the dryer still
is underdried [5].

Even though exposing the operator to harsh conditions of air temperature and hu-
midity, stirring the coffee manually is still a common practice adopted to break up the
drying zone and obtain a more uniformly dried product. So far very little research on
coffee-stirring devices has been done to determine the extent of mechanical damage to
the product. However, the introduction of stirring augers increases both the fixed and
operating costs of the dryer.

Silva and Lacerda Filho [6] designed and built a fixed-bed dryer to dry natural,
washed, and pulped coffee. The dryer has been widely adopted by small- and medium-
scale farmers and has been used to dry other agricultural products such as beans and
corn. The dryer is 5.0 m in diameter and is comprised of a 0.6 m–high plenum chamber
and drying section resulting in a total height of 1.2 m. The walls consist of one brick
layer 0.15 m thick covered with plastering on both surfaces. Production of heat takes
place in one stage in a downdraft direct-combustion furnace using wood or coal as a fuel
source. The inside of the furnace is lined with insulating firebricks, and a paste of sand,
molasses, and soil is plastered on to the exposed surfaces of the furnace wall.

The system is equipped with a cyclone chamber in which the ash is trapped and natural
air is blended with the flue gases to obtain the proper drying air temperature. The cyclone
chamber is made of brick and consists of a cylinder having height and diameter of 1.2
and 1.0 m, respectively. The blended gases are drawn through the same backward-curved
centrifugal fan used to force air through the bed of coffee.

Drying runs have consistently shown that the fixed-bed dryer is capable of reducing
the moisture content of a 0.4 m–high layer of natural coffee from 60% to 12% (w.b.)
in 32 hours, provided the drying air temperature is kept at 55◦C and the coffee bed is
stirred in intervals of 2 hours.

The amount of energy (6630 kJ·kg−1) consumed during the drying of a 0.5
m–deep natural-coffee bed is approximately 65% higher than the amount consumed
during the drying of washed coffee [3]. These values were obtained for coffee origi-
nally at 52% (w.b.) and subsequently dried to about 14% (w.b.) with an airflow rate of
12 m3·min−1·m−2, drying-air temperature of 60◦C, and a stirring interval of 3 hours.
Dryer output increases from 9.8 (natural coffee) to 18.7 kg·h−1 ·m−2 (washed coffee)
for those same drying conditions.

Counterflow Drying
Silva [7] described the performance of an intermittent single-stage counterflow dryer

used in drying natural coffee from 30% down to 12% moisture. Table 4.2 summarizes the
performance evaluation of the dryer using an airflow rate of 18.5 m3 · min−1·m−2 and
drying air temperatures of 60, 80, and 100◦C. Notwithstanding the use of considerably
higher drying-air temperatures compared with those normally used in conventional fixed-
bed dryers, no quality deterioration was observed in the coffee after drying and roasting.
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Table 4.2. Effect of drying-air temperature on counterflow drying of natural coffee

Drying-air Total Drying Specific Energy Requirement Throughput
Temperature (◦C) Time (h) (kJ·kg−1) (dry kg·h−1)

60 21.5 8300 50.2
80 14.2 7550 76.1

100 10.2 6440 105.9

Source: [7].

Concurrent-flow Drying
Osório [8] reported on a recirculating batch single-stage concurrent-flow dryer that

will dry natural coffee from an initial moisture content of 25% to 11% (w.b.) in 7.5, 6.0,
and 5.0 hours for drying air temperatures of 80, 100, and 120◦C, with specific energy
requirements of 5700, 4870, and 4760 kJ·kg−1, respectively. The dryer has an effective
height of 4.0 m, is capable of holding approximately 2300 kg of coffee at 25% (w.b.)
moisture content, and operates with an airflow rate of 27 m3·min−1·m−2. The grain
flows by gravity from a 1.5 m–deep holding bin and enters a 0.7 m–deep drying chamber
and then a tempering section 1.8 m high. The discharge auger located at the bottom of
the dryer guarantees a coffee velocity of 3.5 m·h−1, so that the retention time of the
coffee in the drying section is 0.2 h. The unloading device removes partially dried coffee
from the tempering zone and conveys it back to the holding bin at the top of the dryer.
Even though higher temperatures than those found in conventional fixed-bed dryers were
used, no quality deterioration in the coffee brew was observed. It must be remembered
that due to the evaporative cooling effect at the inlet of the drying chamber, the coffee
does not reach the drying-air temperature.

In an effort to reduce specific energy requirements and improve the efficiency during
the drying of natural coffee, Pinto [9] proposed a new dryer design that combines the
counterflow and concurrent-flow drying methods, in separate stages, in one single dryer.
The drying-air inlet is located halfway down the coffee column. Drying in the first stage
is accomplished using the counterflow-drying concept, and then the coffee flows directly
to the second stage, where it is dried as in a concurrent-flow dryer. The dryer is fitted
with a 60-degree gravity hopper, which delivers the coffee to a central point below the
tempering section, from whence it is augered to an elevator pit. The length of both the
counterflow and concurrent-flow drying sections is 1.1 m, and the dryer is capable of
holding 4500 kg of natural coffee at 30% (w.b.) moisture. Coffee velocity inside the dryer
is 1.44 m·h−1, so that it takes approximately 0.8 hours for the coffee to pass through
each drying section in each drying pass.

Table 4.3 shows the results of a performance evaluation conducted with an experi-
mental counterflow–concurrent flow dryer using drying-air temperatures of 80, 100, and
120◦C, and an airflow rate of 20 m3· min−1 ·m−2. The throughput (kg·h−1) is based
on a 30% to 12% (w.b.) moisture reduction. A comparison of the results presented in
Table 4.3 shows that total drying time and the specific energy requirement decrease 44%
and 6.4%, respectively; the drying capacity increases 80% if the temperature is increased
from 80 to 120◦C.
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Table 4.3. Effect of temperature on drying coffee in an intermittent two-stage
experimental counterflow–concurrent flow dryer

Drying-air Total Drying Specific Energy Requirement Throughput
Temperature (◦C) Time (h) (kJ·kg−1) (dry kg·h−1)

80 22.5 6070 200
100 15.7 5660 290
120 12.6 5680 360

Source: [9].

Dryeration
The dryeration process, a grain-drying method that involves both high-temperature

drying and aeration of the product, is one of the innovative drying methods that has been
adapted to coffee drying systems. In using the dryeration process, the moisture content
of the coffee exiting the dryer is approximately 2% higher than the desired level for safe
storage. The hot coffee is conveyed to a holding bin, where it is allowed to temper with
no airflow for no less than 4 hours. Then the coffee is transferred to another bin, where it
is cooled with low airflow rates. During the aeration or cooling some drying takes place
and the remaining 2% of moisture is removed. Dryeration provide three advantages over
traditional coffee drying methods: increased dryer capacity, reduced energy requirement,
and better coffee quality [10–12].

The effects of drying-air temperature and tempering or steeping period on the moisture
difference throughout a fixed bed of natural coffee and the energy requirement during
the dryeration process already have been determined [13]. Table 4.4 summarizes the
mean values of final moisture content difference throughout a 0.4 m–deep coffee bed for
three drying-air temperatures (50, 60, and 70◦C), one airflow rate (15 m3·min−1 ·m−2),
and three tempering periods (0, 6, and 12 hours). The values presented in Table 4.4
were obtained using natural coffee with 28% (w.b.) initial moisture content; the high-
temperature drying was interrupted when the moisture content of the coffee beans reached
13% (w.b.), and 2% of moisture had been removed during aeration or cooling.

Table 4.4. Final percentage
moisture-content difference (w.b.)

obtained during the dryeration of a
0.4 m–deep fixed-bed of natural coffee

Tempering Period

Temperature 0 h 6 h 12 h

50◦C 3.2 2.3 1.7
60◦C 3.6 3.0 2.8
70◦C 3.8 3.0 2.9

Source: [13].
Note: Coffee harvested at 28% (w.b.) and

dried to 11% (w.b.) with an airflow
rate of 15 m3·min−1·m−2.
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From the values presented in Table 4.4, it can be concluded that a drying-air tem-
perature of 50◦C and 12 hours of tempering is the best dryeration treatment for natural
coffee, for it results in a final moisture difference of 1.7%, almost 50% less than the
difference obtained with the conventional drying method.

It is appreciated that an airflow rate of 15 m3·min−1 ·m−2 significantly exceeds the
values normally encountered in grain dryeration processes. However, coffee-storage bins
generally are not equipped with perforated floors. Thus the aim is to use the fixed-bed
dryer as a tempering bin, so that the fixed costs are reduced by using the same fan for
both high-temperature drying and aeration.

Reversed-direction Air-Flow Drying
Reversing the airflow direction at regular intervals throughout the drying period of

coffee in a fixed bed is another method that has been proposed in an effort to achieve
even drying and, by minimizing the moisture difference throughout the bed depth, obtain
a product of better final quality. Using this method the difference between the maximum
and minimum moisture contents in the coffee can be greatly reduced as compared with
the conventional drying method. As a shortcoming, the drying efficiency is slightly lower
for the reversed airflow dryer.

The concept of reversing airflow direction at regular intervals during drying of parch-
ment coffee was introduced as early as 1952 by Fukunaga and Strohman, cited by Kinch
[14], but no serious attempts were made then to analyze the influence of the several dry-
ing parameters on final moisture-content difference and overall drying rate. It was only
recently that a comprehensive study of the reversed-direction airflow drying method has
been carried out and successfully applied to the drying of natural coffee [15].

Tables 4.5 and 4.6 summarize simulated performance evaluations of reversed-direction
airflow drying versus conventional one-direction airflow drying for drying-air temper-
atures of 50◦C and 70◦C, respectively. The mean ambient air temperature and relative
humidity used as input data for the simulation model were 15.8◦C and 82.0%, respec-
tively. As for the product, the average conditions used as input data were 25% (w.b.)
initial moisture content, 13% (w.b.) final moisture content, and 15.8◦C initial tempera-
ture. Simulations were conducted using three reversing-time intervals, 3, 4, and 6 hours,
and an airflow rate of 15 m3·min−1·m−2. This procedure aimed at analyzing the effect of
reversing-time interval, at each temperature, on the specific energy requirement and total
drying time and identifying the set of conditions that would result in the most uniform
moisture-content profile throughout a 0.90 m–deep coffee bed. Comparative simulations
were performed using the conventional drying method. The uniformity index presented
in these tables is defined as the percentage of grain in the bed that contains moisture
within the range 13%± 0.5% (w.b.).

The values shown in Tables 4.5 and 4.6 show that for the same drying tempera-
ture, the specific energy requirement decreases with increasing reversing-time interval.
Nonetheless, from an engineering point of view the increase in specific energy require-
ment associated with the reversed-direction airflow drying method was considered to be
negligible for all cases studied.
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Table 4.5. Average drying parameters of the reversed-direction airflow drying method
versus the conventional one-direction airflow method at 50◦C

Reversed-direction Airflow

One-direction 3-h Reversal 4-h Reversal 6-h Reversal
Airflow Interval Interval Interval

Specific energy 9150 9438 9360 9286
requirement (kJ·kg−1)

Total drying time (h) 12.7 13.1 13.0 12.9
Final moisture-content 3.1 0.9 1.2 1.0

difference (% w.b.)
Uniformity index (%) 33 100 83 100

Source: [15].

Table 4.6. Average drying parameters of the reversed-direction airflow drying method
versus the conventional one-direction airflow method at 70◦C

Reversed-direction Airflow

One-direction 3-h Reversal 4-h Reversal 6-h Reversal
Airflow Interval Interval Interval

Specific energy 7147 7408 7282 7166
requirement (kJ·kg−1)

Total drying time (h) 6.2 6.5 6.4 6.3
Final moisture content 5.4 1.8 2.5 5.2

difference (% w.b.)
Uniformity index (%) 33 84 50 33

Source: [15].

From the experimental and simulated results obtained thus far it is evident that the
reversed-direction airflow drying method is very effective in promoting a marked reduc-
tion in the final moisture-content difference throughout the coffee bed as compared with
the conventional drying method. Reductions in final moisture-content difference ranging
from 60% to 70% generally are observed by reversing the airflow direction for a drying-
air temperature of 50◦C, as compared with the conventional drying method. For the latter
method, increasing the temperature had no effect on the uniformity index. Nonetheless,
the final moisture-content difference increased considerably as higher drying air temper-
atures were used. For 70◦C, reversing the airflow direction every 3 hours resulted in a
higher uniformity index and a lower final moisture-content difference compared with the
conventional drying method. Despite the reduction of 67% in the final moisture-content
difference as compared with the conventional drying method, the nonuniformity of the
moisture distribution still may jeopardize the quality of the product after roasting. If the
beans are not thoroughly mixed after drying or if they are not allowed to equalize their
moisture content, beans with higher moisture content probably will not pyrolize, and the
overdried ones will scorch during roasting. The result will be an unpalatable product. For
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a drying air temperature of 70◦C, reversing the airflow every 6 hours has no significant
effect on the reduction of the final moisture difference, for the reversion occurs almost
at the end of the drying period.

Lower drying air temperatures, up to 50◦C, are considered to be more suitable for
drying coffee in fixed beds by reversing the airflow direction either at 3- or 6-hour
intervals. Periodic airflow reversal also prevents the build-up of harmful condensation
in the top layers of the coffee bed.

In comparing this drying method with other techniques proposed to reduce the final
moisture distribution throughout the bed, it is considered that reversing the airflow di-
rection at regular intervals can be easily implemented in both cross-flow and fixed-bed
coffee dryers with minimum design changes and comparatively low additional costs.

Combination High-temperature Ambient-air Drying
Combination drying is one of the latest concepts in coffee-drying technology. It is

the drying method in which both high-temperature processes and natural-air or low-
temperature drying procedures are combined in an attempt to provide a high-quality
product as compared with using only high-temperature drying [11]. The high-temperature
drying stage is used to reduce coffee moisture contents from approximately 60% to 25%
(w.b.) or less, so that natural air drying can be used successfully to complement the
drying by further reducing the moisture content of the product to safe limits.

Unlike the dryeration process, in combination drying the hot coffee is transferred
directly to the storage bin where the remaining moisture will be removed using ambient
air or low temperature. In combination drying coffee is dried in the high-temperature
dryer to a moisture level ten to twelve percentage points above the value for a safe
storage, with the result that the recommended minimum airflow rates for the aeration
stage in combination drying are 15 to 25 times more than the maximum airflow rate used
in the cooling stage of the dryeration process [16].

Combination drying provides three advantages over typical high-temperature high-
speed drying: increased drying capacity, reduced fuel requirement, and better coffee
quality through reducing the final moisture difference throughout the coffee bed. As
compared with the dryeration process, the main advantage of combination drying is
the elimination of the extra handling step associated with the tempering bin. The main
disadvantage of combination drying is the requirement of a relatively high level of
capital investment and management in cases in which it is purchased as a unit because
two complete drying systems are included [11, 12, 17].

The usual procedure to dry natural coffee on the farm using the combination method
is as follows: Ripe cherries that have been strip-picked at moisture contents ranging from
50% to 65% (w.b.) are separated from the rest by water flotation and screening and then
dried in either two or three separate stages. Where three stages are used, the coffee is
first dried on paved sun-drying terraces until it reaches approximately 35% (w.b.) Then,
the partially dried fruits are conveyed to a high-temperature dryer, where their moisture
content is further reduced to about 25% (w.b.) In the third stage the coffee is bin-dried to
approximately 13% (w.b.) moisture using natural air. In using two stages, the sun-drying
procedure is eliminated and the moisture content at harvest is reduced to approximately
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25% (w.b.) using the high-temperature dryer alone. Combination drying also is applied
to the drying of washed and pulped coffee, whereby the product is delivered directly to
the low-temperature drying bin after the sun-drying procedure or the high-temperature
drying method.

The natural-air drying stage in combination drying has recommended airflow rates in
the (1:1 to 1:1/2) of the airflow range normally used in the high-temperature drying stage
[12]. So airflow rates varying in the range from 7 to 15 m3 · min−1·m−2 generally are
used. This is enough air to dry relatively wet coffee as a result of the drying capability
of the natural air. The fan should be started as soon as the first lot of coffee is delivered
to the bin and switched off during periods of adverse drying weather or when the mean
moisture content of the coffee in the surface layer of the bed reaches the target moisture
content. For natural-air drying systems, the total drying time depends on the initial
moisture content and climatic conditions.

Attempts to use high initial moisture content natural coffee in the low-temperature
stage of combination drying thus far have been unsuccessful [18]. For example, exper-
imental drying runs have shown that due to high initial moisture contents, 27% to 30%
(w.b.), excessive heating developed within the coffee bed after approximately 10 days of
fair weather conditions (0.0124 kg·kg−1 humidity ratio and temperature of 18◦C), and
careful inspections generally indicated invasion by fungi. In cases in which the drying
was not interrupted it was observed that the ambient air was not generally cool enough
to serve as a deterrent to fungi development, and a strong musty odor generally devel-
oped. The results obtained thus far suggest that drying high-moisture natural coffee in
the low-temperature stage of combination drying is a very hazardous procedure. How-
ever, sufficient data are not yet available to condemn it as impossible. It can be reasoned
that better drying weather or the use of higher airflow rates might prove satisfactory in
reducing the moisture content of relatively wet coffee to a level safe enough to prevent
fungi development, but the risks involved would still be high. Another alternative would
be the reduction of coffee-bed depth.

On the other hand, drying tests using high-moisture pulped coffee have been run
successfully [18]. It takes approximately 1050 hours to dry coffee initially at 37% (w.b.)
to a mean moisture content of 13% (w.b.), a moisture extraction of 24 percentage points.
The results obtained implies an average moisture extraction rate approximately four
times greater than that obtained with natural coffee, from which it can be seen that
the low-temperature drying of pulped coffee is considerably more efficient than that of
natural coffee.

Obtaining accurate knowledge of the temperature within the bed during natural-air
drying of relatively wet coffee is essential to identify hot spots and to avoid spoilage
reaching an advanced stage in portions or in the whole bulk. Increases as high as 10◦C
above ambient temperature have been observed within the coffee bed as a result of mold
growth. When this happens, ambient-air temperature generally is below the temperature
within the coffee bed during the whole drying period, indicating high rates of respiration
and that fungi are already present at the early stages of the process.

The mixing of different lots of coffee of markedly different moisture contents, a com-
mon practice from the farm to the final product processor, should be avoided whenever
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possible. All tests carried out using mixed lots of coffee with different moisture contents
resulted in brews of poor cupping quality. It is believed that only when all coffee actually
has the same or similar moisture content prior to the mixing will it produce a brew with
full flavor development.

It is expected that one or a number of bad weather days will not adversely affect
the efficiency of low-temperature drying systems. Stopping the fan and waiting for
more favorable weather fails to recognize that the first and foremost requirement in
ambient-air drying is to keep the grain cool and prevent heating [17]. However, it is
a matter of common knowledge that keeping coffee at moisture contents over 15%
(w.b.) for long periods of low-temperature drying or storage is unsafe because mold and,
consequently, cup-quality deterioration may occur. But rewetting of dried coffee as a
result of continuous fan operation during periods of adverse weather is also a hazardous
procedure because the beans may become pale and bleached out in appearance, signifying
aroma and flavor deterioration. So unlimited fan operation during poor drying weather
conditions may be recommended as long as the moisture content of coffee is above
approximately 17% (w.b.)

In conclusion, combination drying of coffee offers a reliable alternative to farmers
who wish to deliver a high-quality product to coffee processors. However, its success
depends on good design, proper sizing and well-coordinated operation and manage-
ment of the natural-air drying fan. Under appropriate weather conditions it is feasible
to dry natural coffee from approximately 25% down to 13% (w.b.) using an airflow
rate of 8 m3·min−1·m−2 without providing significant supplemental heat to the drying
air. However, the drying of natural coffee with moisture contents above 26% (w.b.) is
a very hazardous procedure and should not be recommended under poor weather con-
ditions. On the other hand, studies [18] have shown that the natural-air drying stage is
very effective to dry pulped coffee fairly high in moisture (37% w.b.) to a safe storage
level.

4.3.6 Coffee Storage

Green coffee in producing countries traditionally is stored in bags rather than in bulk.
Pallet storage of bagged green coffee allows the segregation of lots, a very important
aspect considering that the product is priced according to cup flavor. Besides such con-
siderations as accessibility to small lots, normal air circulation about the bags, easy
inspection, and sampling are important factors to consider. Bagged coffee usually is
stored in warehouses where 60-kg bags are piled, forming stacks, generally with little
or no control of the environmental conditions. In spite of this, it is possible to maintain
the product stored for relatively long periods (up to 5 years) without deterioration as
compared with cereals such as corn or wheat. Inside the warehouse, provision is made
for aisle space along walls for inspection and aisle space between stacks (3.8 m) for
moving the product with forklift trucks. According to Sivetz and Foote [1] only two
thirds to three quarters of the floor area is generally available for storage. The main
disadvantages of bagged storage of green coffee relate to the requirement of intensive
labor, the cost of bags, and difficulties associated with insect control. Discoloration of
the product and reduction in bulk density are other problems related to the traditional
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method of storing coffee in bags. Prices can suffer reductions of up to 40% according
to the level of damage during storage. Finally, the following additional aspect should be
considered during pallet storage of bagged coffee: The amount of light reaching the bags
must be controlled carefully, for under a bright environment the beans may become pale
and bleached out in appearance, signifying aroma and flavor deterioration.

Although not widespread in the producing countries, bulk storage of green coffee is
a procedure that should be considered by producers or firms handling large quantities
of relatively uniform beans. Bulking large quantities facilitates processing operations
such as blending and roasting. Nowadays, bulk storage of green coffee is restricted to
producers who are able to deliver only less than a few hundred bags to coffee processors
and is usually carried out in wood frame constructions. Long-term storage requires both
a forced-air circulation system to maintain grain equilibrium moisture content and a
temperature monitoring system to detect hot spots before extensive damage occurs. An
objection to in-bin bulk storage of green coffee is that accurate inventories are difficult
to maintain as the level of beans is not even and the quantity assessed by visual estimate
can be quite a few bags in error [1]. Accurate inventories of the amout of product in
storage are essential because coffee is considerably more expensive than cereal grains.
The main advantage of bulk storage of green coffee is that the mechanization of the
process allows a reduction of the labor required for handling the product as compared
with the traditional method.

As stated previously, bulk storage of coffee is not a common practice in producing
countries. Indeed, information available in the literature on bulk storage of coffee is still
meager. Jord˜ao et al. [19] compared the bulk storage of green coffee beans with the
traditional method, by which coffee is stored in bags. Average moisture content of green
coffee beans decreased from 10.4% to 9.6% (w.b.) after 5 years of storage in a metal
bin equipped with a natural ventilation system, in an environment in which the average
temperature and relative humidity were 24◦C and 70%, respectively. Moisture content
of the product, for the same environmental conditions, remained practically constant
at 11% (w.b.) (pallet storage of bagged coffee) and 10% (w.b.) (bulk storage without
ventilation). The bulk density of the coffee stored in both ventilated and nonventilated
bins was reduced from 650 to 610 kg·m−3 during the 5-year period, whereas for the
product stored in bags the level of reduction was more pronounced (from 650 to 540
kg·m−3). Chemical analysis revealed that the green coffee suffered similar reactions
under all three types of storage.

The color of the beans (bluish-green) did not alter during storage in bulk with natural
ventilation. Nonetheless, some discoloration was observed in the beans stored in bags as
well as in bulk storage without ventilation. The critical evaluation of coffee aroma and
taste, that is, evaluation of cup quality orcupping, revealed that the three storage systems
are capable of producing coffee that can be classified ashard. This denotes an astringent
flavor, one that causes puckering and a bitter impression. A hard coffee does not have
the full development of flavor and acidity characteristics of high-grown coffees but may
have as much or more body. It has been concluded that it is feasible to store green coffee
with moisture contents in the range from 10% to 11% (w.b.) in bulk for periods up to 3
years without quality loss.
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Notation
0 angle of repose (degree)
2 grain temperature (◦C)
ψ relative humidity (0≤ φ ≤ 1.0)
ρ bulk density (kg·m−3)
cp specific heat of coffee (kJ·kg−1·◦C−1)
h f g enthalpy of vaporization of water in coffee (kJ·kg−1)
M moisture content of coffee (decimal dry basis)
MR moisture ratio ([M − Me]/[ M0− Me])
T air temperature (◦C)
Tabs absolute air temperature (K)
t time to dry toMR with drying-air temperatureTabs (h)

Suffixes:

e equilibrium value
eq equivalent
0 initial value

Appendix: Physical Properties

Thin-layer Drying Equation
The following equation describes the drying rate of a thin layer of natural coffee at

drying air temperatures ranging from 40 to 80◦C [20].

MR= exp
[− 105.756t0.60564

eq e(−2751.51/Tabs)
]

(4.A1)

Equilibrium Moisture Content
One of the main problems in previous attempts at setting up mathematical models

to simulate coffee drying was the lack of a reliable equation for its equilibrium mois-
ture content. Rossi and Roa [21] presented the following empirical relationship for the
desorption isotherms for natural coffee:

Me = (15272ϕ − 32478ϕ2+ 33341ϕ3) exp[(−0.029458− 0.0016309ϕ

−0.013695ϕ2+ 0.0132050ϕ3)Tabs] (4.A2)

The resulting sigmoidal curve obtained from Eq. (4.A2) is too steep for relative
humidities above 60% and does not fit well most of the experimental data found in
literature. It is believed that many failures to validate coffee drying were due to the use
of this equation to predict equilibrium moisture content. On the other hand, better overall
accuracy is attained using the following empirical equilibrium moisture content equation
proposed by Arteaga [20]:

Me = 1.1282[− ln(1− ϕe)/(Te+ 40.535)]0.5405 (4.A3)

Enthalpy of Vaporization
The absence of an accurate equilibrium moisture-content equation for coffee also

led to inaccuracies in the development of equations for the enthalpy of vaporization of
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moisture in coffee beans. The following equation was developed by Berbert and Queiroz
[22] and was based on the method of correlating vapor pressure and latent heat data
presented by Othmer [23]. It was developed using experimental data from Arteaga [20]
in the 0.15 decimal d.b. to 0.25 decimal d.b. region.

h f g = (2501+ 1.7752)[1+ 1.872 exp(−20.601M)] (4.A4)

Specific Heat
The following equation developed by Villa and Roa [24] represents the specific heat

of coffee at constant pressure.

cp = 1.674+ 2.510[M/(1+ M)] (4.A5)

Bulk Density
The effect of moisture content on bulk density of natural coffee is given by the

following equation developed by Silva [7]:

ρ = (396.48+ 224M)/(1+ M) (4.A6)

In a study conducted by Castro [3], the estimated bulk density of washed coffee as a
function of moisture content was defined as in the following equation:

ρ = 371.78+ 255.17M (4.A7)

Volume Reduction
The grain volume shrinkage generally is assumed to be negligible during simulation

studies of the drying processes. This is based on the assumption that the decrease in
bed height is not substantial for most cereal grains in continuous-flow dryers [10]. How-
ever, the assumption of negligible volume shrinkage for natural coffee during drying can
impose serious limitations in simulation accuracy. Kinch [14] reported a pronounced
reduction in the volume of parchment coffee during drying. Volume reduction of 24%
was observed when drying from 55% to a final moisture content of 12% (w.b.). No correc-
tion for bed-height variation due to volume reduction is applied to the coffee-simulation
models because to date no really comprehensive study describing the phenomenon for
natural coffee has been undertaken.

Pressure Drop
Guimarães [18] observed that the pressure drop in experimental drying tests run with

natural coffee was always smaller than 7.5 mm of water column per meter depth of
coffee, whereas for pulped coffee this value was 10.0 mm H2O per meter depth. Direct
comparison of these results with published data is rather difficult because of differences
in particle size, bed depth, porosity of the bed, and surface roughness. Also, the amount
of reported data on the pressure drop through beds of coffee is meager. However, it
is realized that a pressure drop of 7.5 mm of water column per meter depth of clean
coffee is smaller than those values normally found in practice where foreign material
will occupy some of the free space between the cherries, hence apparently compacting
the bed and increasing the pressure drop. Afonso [25] made a series of measurements
of pressure drop through beds of coffee. For a bed depth of 1.75 m and an airflow rate
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of 10.0 m3·min−1·m−2, the pressure drops were 5.1 and 5.4 mm of water column per
meter depth, for 23% and 14% (w.b.) moisture coffee, respectively.

Angle of Repose
The angle of repose of pulped coffee, variety Catua´ı, containing 5% of foreign matter,

as a function of moisture content (0.12 d.b.≤ M ≤ 0.67 d.b.) at 20◦C is given by the
following equation (r 2 = 0.98):

0 = −31.72M2+ 39.30M + 36.06 (4.A8)

The equation for the angle of repose as a function of moisture content (0.11 d.b
≤ M ≤ 0.42 d.b.) obtained for the same product but without the presence of foreign
matter is as follows (r 2 = 0.99):

0 = −96.66M2+ 70.65M + 28.54 (4.A9)
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de café (Coffea arabicaL.) em camada fixa [Influence of temperature and temper-
ing time on the drying of coffee (Coffea arabicaL.) in fixed beds]. M.Sc. thesis,
Universidade Federal de Vi¸cosa, Brazil.

14. Kinch, D. M. 1967. Design criteria for mechanical drying of coffee beans.Transac-
tions of the American Society of Agricultural Engineers, 10:40–42.

15. Berbert, P. A. 1991. Secagem de caf´e (Coffea arabicaL.), em camada fixa, com
inversão de sentido de fluxo de ar [Drying of coffee (Coffea arabicaL.) in a
fixed bed with airflow reversal]. M.Sc. thesis, Universidade Federal de Vi¸cosa,
Brazil.

16. Navarro, S., and M. Calderon. 1982. Aeration of grain in subtropical climates. Agri-
cultural Services Bulletin 52. Rome: FAO.

17. McKenzie, B. A. 1976. Operating grain dryers for capacity, fuel efficiency, and grain
quality. West Lafayette, IN: Cooperative Extension Service, Purdue University.
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5.1.1 The Problem of Effluents

The protection of water from pollution is one of the aspects involved in the protection
and conservation of the environment in which we live [1]. This problem, therefore,
should be considered not only in terms of the introduction of harmful substances into
the environment but also by means of analysis of human activity that can irreversibly
modify the habitat, particularly causing pollution and changes in the vital means for life
subsistence on the earth, air, water, and soil [2].

Nature, generally, has always found the way to restore environmental equilibrium;
however, the industrial civilization and the development of large urban areas have caused
an increase and concentration of pollution sources. Moreover, technical progress usually
has resulted in an improvement in the standard of living that, added to population growth,
has caused an increase in the waste to be disposed of [3].

Water-resource management thus implies reducing pollution and anything that causes
alterations in the chemical, physical, or biological properties of water itself and sharply
reduces its value as vital resource.

Within water-resource management, in particular, the development of industrial activ-
ities causes human pressure on land that has detrimental repercussions on the environment
and on the productive activities related to it [4].

Among the industrial activities, the agroindustrial ones have particularly complex
issues [1], including: the polluting load of mostly organic effluents with high suspended-
solids content; the production of seasonal effluents related to the product to be processed;
the quantitative and qualitative characteristics of the effluent that are not constant even
in the short-run; and the low value added to the final product by the processing activity,
which cannot cover the costs of effluent treatment and purification.

Nevertheless, in contrast with other industrial effluents, in those of agroprocessing
both pathogens and heavy metals are absent. This means that even though the suspended
or dissolved organic matter supplies a high polluting load according to the normal as-
sessment parameters, it can be reused in agriculture as animal feed, after immediate
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separation (flotation, sedimentation). If, however, it is in the final stage of treatment, by
extracting biomass from sludge (centrifugation, drying, or composting) it can be used as
an organic fertilizer.

The problem of effluent treatment, viewed within the framework of recovery and
reuse, is, therefore, a serious environmental problem in both industrialized and develop-
ing countries. Each country, however, presents specific conditions in terms of technolo-
gies and technical development that make the characteristics of the problem extremely
different. These aspects cause a great variability, within the same industry, that also is
observed at a national level.

Actually, agroindustrial processing shows a natural adaptability to the local environ-
mental conditions, including the characteristics of treated products, the climate, the land,
the available resources, the socioeconomic scenario, and the presence of an agroindustrial
or industrial system with which some production-related services can be shared [5].

Effluent treatment should involve consideration of the control of the processed prod-
ucts, the quantity of water utilized, the utilization of technologies for resource water
saving, and reduction in the use of chemical detergents and disinfectants. These as-
pects are related to the management of the entire production process, which should be
considered an integral part of effluent treatment [6].

The effluent treatment required to reduce or minimize the environmental impact entails
a cost without any direct benefit to revenue. The treatment system, therefore, should
have the following design characteristics: suitability for minimizing the polluting load
to within the prescribed limits, environmental and technological sustainability; ease in
management, and low investment and running costs [7].

5.1.2 Organic-Matter Cycle in Nature and Agriculture, and
Effluent-Treatment Systems

In order to analyze the water-pollution mechanism one should start from different pro-
cessing systems: they make use of raw materials, water, and air and, prior to processing,
besides the final product gaseous, liquid, and solid waste may coexist.

Gaseous waste should be treated prior to being released into the atmosphere. Solid
waste is a mass that may be easily contained and handled in the long term, whereas liquid
waste usually is discharged into streams.

The working mechanism of polluting substances in a stream may be summarized as
follows [1]: excessive oxygen consumption, release of toxic or harmful substances, and
change in the water temperature. Pollution thus takes on different aspects according to
whether it acts in flowing, stagnant, coastal, or ground waters.

In the case of agricultural and food industries, waste, generally, is characterized by a
high organic biodegradable substance content. Such substances, in a stream, are trans-
formed by microorganisms into more stable, nonpolluting, and low-energy substances.

If the process takes place in the presence of oxygen, organic substances are oxidized
and the transformation releases energy that is used by aerobic microorganisms to grow
and multiply themselves. If pollution consumes all the oxygen in the water, the anaerobic
microorganisms use the oxygen contained in nitrates, sulphates, and phosphates and
combine it with the carbon contained in organic matter, producing carbon dioxide.
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When the oxygen in nitrates, sulphates, and phosphates is exhausted, the anaerobic
bacteria combine carbon as well as the other elements directly with hydrogen, thus
producing methane, hydrogen sulphide, and ammonium phosphate [1].

During transformation, these high-energy products release a lower amount of energy
for the anaerobic microorganisms, which thus have a slower development than the aerobic
ones. Therefore, whereas the aerobic processes produce quite stable substances and a
humus that may even be used as biomass, the anaerobic processes produce combustible
gases and other substances that may be harmful to the stream and should be appropriately
reused and treated. Moreover, permanent anaerobic conditions might develop in the
water, thus inhibiting the self-purification process.

Thus, considering the organic load concentration, effluents containing organic sub-
stances, generally, cannot be discharged freely into streams; they need to be treated to
prevent the so-called permanent anaerobic condition that causes a stable state of pollution
in the water [8].

In the choice of the treatment to be carried out, two priority conditions are necessary
to influence the technological cycle of the processing industry directly: identification of
the required water volume, so as to minimize wastage and the water volume to be treated,
and the presence of recoverable substances in the effluent.

Although the need to save water is discussed in the subsequent analysis of each
processing industry, it should be emphasized that if one takes the processing waste at
the initial stage, different by-products including useful substances for human and animal
nutrition can be extracted, such as proteins and fats.

It is clear that the issues behind the choice of a water-treatment system are numerous
and not easy to solve. Besides the obvious need to review the processing cycle, and
to reduce water and energy waste, the choice is whether to use traditional treatment
techniques for effluents or to foresee new technology for the use and extraction of the
organic by-products from water, treating effluents at the same time [9].

In order to use these technologies, careful experimental work should be carried out
on a chemical-processing level to provide different solutions. Moreover, controls, with
expert guidance on whether the resulting by-products are economically extractable, also
should be carried out, taking into account the cost of the treatment plant as well.

On a preliminary basis it should be mentioned that the waste from productive estab-
lishments may be released into surface or deep streams, into the sea, onto soil and even
used for agricultural purposes, or into public sewers. Whatever the outlet may be, efflu-
ents should be adapted to the acceptability limits prescribed by the legislation in force.

Water purification uses different methodologies, taking into account the type of dis-
charge, the size and location of the plant, and the presence of municipal or centralized
plants in loco.

Productive units may be equipped with single one treatment plants and may discharge
treated water into streams; otherwise, if several similar productive units are present in
the same area, they could install a centralized plant, with great technical and economic
advantages.

The presence of a municipal urban wastewater-treatment plant would make it nec-
essary to perform pretreatment alone, which is designed to remove the pollutants that
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cannot be purified in the municipal plant or, in any case, to reduce the pollution rate to
within the acceptable limits of the plant.

Based on this, it seems obvious that for small and medium sized agroindustries it is
very difficult to have single treatment plants, and thus consortium plants would seem
the most logical approach. Therefore, before making a detailed analysis of the different
plants usable for each individual industry, it seems useful to briefly analyze the techniques
most commonly applied in treatment plants [2].

A treatment facility consists of a combination of machines and equipment that,
arranged in a preestablished sequence, is able to carry out some chemical, physical,
chemical–physical and biological processes that can transform effluents according to the
desired requirements.

Treatment usually includes pretreatment operations (or mechanical treatment), bio-
logical treatment, chemical treatment, physical treatment, and chemical–physical treat-
ment.

Pretreatment Operations (Mechanical Treatment)
Mechanical treatment consists of removing those substances that may interfere with

subsequent treatment from the water. It includes the following operations: screening,
size reduction, removal of coarse materials, oil and fat separation, grinding, and primary
settling.

Biological Treatment
Biological treatment is generally the central and main part of a system; it permits

self-purification of water by means of either aerobic or anaerobic microorganisms.
These processes only act on biodegradable (naturally degradable through biological

processes alone) substances and may be implemented through the following processes:
filtration on percolating filters, activated sludge oxidation, or lagooning.

In the case of highly polluting waste and in energy-intensive industries (distilla-
tion of grape pomace or olive-oil extraction), anaerobic treatment plants may be pro-
posed.

Chemical Treatment
Chemical treatment means the use of chemical reagents that act on some of the

substances contained in water in order to:
• Oxidize or reduce some dangerous substances into nontoxic compounds (oxidation,

reduction)
• Remove or eliminate the pathogens by chlorination, ozonation, and so on (disin-

fection)
• Reduce the pH to within the allowable limits for discharge (neutralization)
• Precipitate some pollutants dissolved in water as sludge, by means of chemical

substances (precipitation)
• Use chemical reagents that eliminate repulsive electrical charges by acting on the

small flocs formed during precipitation, thus favoring the formation of larger flakes
or constituting chains that tend to link flakes with each other (coagulation or floc-
culation)
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Physical Treatment
Physical treatment consists of water separation from coagulated or flocculated pre-

cipitates; it can be carried out
• By natural sedimentation with the constitution of a compact mass of jelly-like sludge

(settling)
• By separation of the solid from the liquid particles, using a porous medium able

to filter only liquid substances (filtration); this may be done both to remove the
suspended solids in the liquids and to compact sludge

• By separation of the solid from the liquid particles through truncated rotors equipped
with screw conveyors (centrifugation)

Chemical–Physical Treatment
With the improvement in purification techniques, other mixed chemical–physical

treatment methods have enabled more advanced waste purification.
The most common ones include: ionic exchange, adsorption, flotation, stripping,

evaporation, reverse osmosis and ultrafiltration.

Ionic Exchange
The ionic-exchange method consists of using substances (ionic-exchange resins) char-

acterized by chemical structures that enable the polluting ions contained in water to be
fixed by exchanging them with other nonpolluting ions.

Adsorption
Adsorption is a chemical–physical process by means of which polluting substances

are retained on the surface of a finely ground solid, calledadsorbent.
Among the adsorbing substances, the most common is activated carbon, which in

some cases, after saturation, may be regenerated to reuse.

Flotation
Flotation is based on the principle that lower densities allow water-dissolved pollu-

tants to be brought to the surface. Such a process also is favored for heavier substances
contained in water, by means of tensioactive products and by air injection through dif-
fusers located at the bases of containers.

Stripping
Stripping is a process that enables the elimination of either the gaseous substances

dissolved in water or some substances that may be transformed into readily volatile
products. The process usually occurs in a tower filled with porous inert material, where
the water to be treated falls as a fine rain from above and air or vapors are injected from
below to eliminate volatile substances from the liquid.

Evaporation
Evaporation is a process inverse to the processes normally used for purification: Water

is separated by evaporation and the effluent is concentrated until a sludge is obtained.
The disadvantages of the system consist of the possibility that some volatile substances
may be removed with the vapor, and the high cost of the fuel used for evaporation. The
advantages include the possibility of recovering all water-dissolved substances.
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Reverse Osmosis
Reverse-osmosis treatment concerns the use of semipermeable membranes that tend

to balance the different dilution existing between two liquids (pure water and polluted
water) present in two containers separated by the semipermeable diaphragm.

If higher pressure than the osmotic one is applied in the container in which the polluted
liquid is, there is an inverse outflow of water: The polluted water tends to concentrate
with a mechanism similar to evaporation, although in evaporation, energy is supplied as
heat, whereas in reverse osmosis energy is supplied as pressure.

Plant Configuration
The treatment plant of an agrofood factory usually contains a combination of the

above processes that is chosen according to the type of effluent to be treated, based on
the following effluent characteristics:
• Flow-rate and volume
• Physical and chemical properties
• Quality required
• Capital plant investment availability
• Running and management costs
• Plant site
• Presence of specialized and available personnel
• Presence of centralized treatment plants.
A purification plant, designed on the basis of the above elements, involves three

subsequent stages:
• Primary treatment, used to prepare the substances suspended in effluents, is per-

formed by mechanical processes.
• Secondary treatment, intended to convert the biodegradable organic substances into

stable products, usually is performed by biological plants, after chemical–physical
treatment.

• Tertiary treatment is aimed at improving the effluent, so as to make it suitable for
discharge. The third stage usually is implemented by chemical or physical processes
(chlorination, activated carbons, ultraviolet rays).

The products coming out of the treatment plant include a treated effluent that, ac-
cording to the specific process concerned, is suitable for discharge into streams or into
municipal treatment plants; a stable sludge, which may be contained in ditches or tanks,
is accumulated near the plants and should be reused or disposed of.

5.1.3 Composting with Reference to Plant Solutions

Composting, which originates from the need to have manure substitutes for organic
soil fertilization, may be carried out by facilities of different technological levels that
should, in any case, give rise to an organically stable product in accordance with the law.

Facilities generally are constructed following technological solutions consistent with
the characteristics of the product to be treated, the degree of automation required, and
plant costs in terms of operation and management [10].

However, for a rational conversion of the organic substance to stable humus, it is first
necessary to check that the biomass used for mixing do not contain toxic or harmful
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products. The carbon:nitrogen ratio in the mass being oxidized should be close to 25,
and moisture should be kept at around 65% [11].

It is to be pointed out that the conversion should be monitored carefully; during
thermophilic oxidation the control of temperature is very important: In the first oxidation
hours, it should reach 60◦C, to decrease slowly during the subsequent stabilization period.

Temperature, therefore, should be adequately controlled by means of systems for
thermal-energy removal or supply; such a control should be integrated with an oxygen
supply adequate to prevent the onset of anaerobic conditions and with a periodic control
of moisture content to prevent a slowing down or even a break in the microbial activity
[12].

The optimal values for mass aeration in static reactors range between 0.1 and 0.22
dm3/m3s. If the air inflow is greater than 0.22 dm3/m3s the mass cooling is too high and
oxidation processes are not carried out adequately, whereas if inflows are below 0.02
dm3/m3s, the humic acids formed are poor and the product is not sanitized [13].

The exposure of the mass being oxidized to the air causes a moisture loss of 50% of
the initial content in 14 days, 11 days, and 9 days respectively for air inflows of 0.02,
0.1, and 0.22 dm3/m3s.

This moisture loss is necessary, because the mixture starts fermentation with 65% wa-
ter content, whereas the final compost should have a water content below 30%. Neverthe-
less it should take place progressively and along with the evolution of the organic-matter
transformation processes [13].

In open composting plants, the mixture of the materials to be oxidized is placed on
impermeabilized concrete aprons and drained into trapezoidal piles 3 to 5 m in width
and not exceeding 2.5 m in height.

In this system, the occupied area piles volume ratio is 0.5, considering that the piles
may reach a length of 60 to 100 m, is 0.5 and a density of 1030 kg/m3. An adequate
control of the piles temperature is difficult using this system. The nonhomogeneous
ventilation of the product inside the piles, cause the formation of pockets that undergo
abnormal fermentation and also may be affected by anaerobic processes [14].

In closed plants, fermentation takes place in a wholly controlled medium, usually in
reactors. In horizontal-axis plants the material is distributed in piles not exceeding 3 m.

Horizontal reactors usually consist of an impermeabilized concrete bed adequately
equipped with a draining system of percolation liquids. The area in which the material
is distributed is indicated on this by trenches [15].

Trenches may be either rectangular or elliptic. In both plant types, the management is
usually dynamic in that the product is periodically turned and moved towards the outlet.

In these plants the aeration of the fermenting mass is provided by simple turning;
in this case, although a disturbance of the microorganism’s activity is possible, there is
no problem related to the excessive heat loss, because piles are localized in a protected
environment in which the greenhouse effect, produced by the transparent surfaces, causes
an increase in environmental temperature and a quicker attainment of the heat levels
required to sanitize and activate the mass humification process.

Turning normally is carried out using appropriate turning machines that can greatly
reduce labor use and fully automate the system. The machines used for this purpose
generally are mounted on wheels sliding on rails or in tracks; the machine advance
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rate is very slow; usually it does not exceed 20 mm/s, and in some plants it falls to
6 mm/s.

The system of turning and displacing the product may consist of dovetailed blade-
shaped tools forming a 35-degree angle with vertical on a crankshaft. In these machines,
the combined action of the advance and rotation (in the opposite direction to the advance
direction) of the shaft imposes a trajectory on the blades that causes them to penetrate
the oxidizing mass with a subsequent turning action, and displacement of the mixture
aggregates towards the back [16–17].

5.1.4 Importance of Agroindustries and Size of the Problem

The present trend is to carry out processing in areas other than farms. Such a trend
induced a concentration of processing industries in highly productive units that subse-
quently cause a concentration in the production of effluents high in organic matter.

In Table 5.1 the production values in the most industrialized countries are reported.
They show that treatment problems mainly concern the Mediterranean and European
countries in general.

A basic analysis of the type of processing shows that although for winery, fresh-
fruit, and vegetable processing industries, waste results from the washing of plants
and products, olive-oil mill effluents mainly consist of the water contained in the fruit.
This means that olive-oil production has a higher organic load than those of the other
agroprocessing industries.

Hence for wineries the plants usually proposed are similar to urban wastewater plants,
whereas for the olive-oil industry the processing technology requires a more careful
analysis, the organic load being very high and not easily biologically degradable.

Table 5.1. Productions of olive oil and wines (in thousands of metric tons)

Wine Olive Oil

1979–81 1992 1993 1994 1979–81 1992 1994

World 34,844 29,185 26,235 25,737 1825 1989 1947
North and Central 1910 1875 2080 2031 2 3 4

America
Canada 45 38 39 39 — — —
United States 1678 1654 1850 1800 — 1 3
South America 3325 2203 2307 3045 19 11 11
Asia 222 479 536 509 193 228 286
Japan 55 50 45 47 — — —
Europe 24,626 21,591 18,316 17,295 1435 1526 1416
France 7060 6493 5331 5545 2 4 2
Germany 700 1348 1000 1130 — — —
Italy 8075 6869 6262 6000 635 469 480
United Kingdom — 124 116 130 — — —
Africa 1143 1139 1046 1051 19 27 14
Oceania 419 500 490 615 — — —

From FAO Yearbook of Production, vol. 48, 1994.
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The solutions usually selected thus are interfaced with partial treatment, comple-
mented by composting techniques of organic substrates or by spreading these on the soil.

5.1.5 Regulations on Effluent Disposal, with Special Reference to
Industrialized Countries

The control of agrofood-industry effluent disposal is included within the general
framework of national legislation concerning protection of surface or underground water
from pollution.

In general terms a license for discharge into a recipient stream in the United States
is issued following an assessment based on quality standards aimed at identifying the
pollution level in specified parts of the recipient stream (Washington Administration
Code ch.: 173-216, 173-220, 173-221, 173-221A, 173-224).

In the European Union the EEC directive 271/1991 has imposed a joint constraint
between the regulations in force in the Union countries. Nevertheless, the reception
levels of this directive are different among the Union countries due to different preexisting
regulations and considering the great diversity in the social and environmental conditions
existing in different countries [18].

In general it may be stated that in future the control of industrial discharge, includ-
ing that coming from agrofood industries, will be increasingly stringent, with a gradual
spreading of the principle that “who pollutes must pay.” However, in the case of the na-
tional regulations in France, the system refers specifically to pollution standards within
management that has its focal point in the tax system, including incentives for effluent
purification. On the other hand, authorization for individual discharge in Italy is based on
the assessment of the individual-discharge quality, without considering the global eval-
uation of the environmental impact caused by the accumulation of different discharges
in the same stream.

As far as land irrigation is concerned, which is an important way to reuse water in
agriculture, particularly in hot and dry countries, there is great difficulty, even among
researchers from the same country, in defining the quality of the water. Subsequently, the
national laws that regulate this practice are widely different from the quality standards
and from the criteria on the basis of which the authorization to dispose is issued.

5.2 Effluents from Wine Processing
P. Catalano

5.2.1 Technological Cycle of Wine Processing and Characteristics of Effluents

The flow chart of the technological cycle of winemaking is shown in Fig. 5.1. Some
operations of this cycle shared, in principle, by different products were unified to simplify
the scheme and to emphasize the effluent flows at the different stages better [19, 20, 21].
The following processing stages in particular are pointed out:
• Discharge
• Preparation of the must (crushing with or without grape stalk, possible separation

of the must from the solids for off-skins fermentation, fermentation of the must
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Figure 5.1. Vine making and effluents produced: block diagram.

in the tumultuous stage, settling and separation of the yeast biomass: lees from
fermentation, and pomace, in the case of the fermentation with maceration, to be
exhausted by straining and/or pressing);

• Stabilization (spontaneous or caused by refrigeration and with fining treatments;
settling of tartrates and colloidal substances);

• Conditioning (filtration treatment, bottling: washing of containers, corking, labeling
and capsuling, possible thermal treatment of wine at the filling stage, use of SO2 as
antiseptic).

The first two processing stages generally are shared by all wineries, although con-
ditions among wineries vary. The former also depends on the different technological
solutions adopted. However, both water and pollution loads are greater in small plants
than in larger ones.
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Table 5.2. Average characteristics of winery effluents

Biological
Chemical Oxigen
Oxigen Demand in

Suspended Demand five days Polyphenols
Matter (COD) BOD5 (Gallic Acid)

Origin of the Effluent pH (kg/m3) (kg/m3) (kg/m3) (g/m3) BOD5/COD

Wine making: vat-washing 3.8 12.80 11.50 7.50 59 0.7
water (0.250 m3

per tank of 25 m3)
Condensing water of must pans 4.0 0 22.08 12.36 160 0.6
First racking: vat-washing water 3.7 17.50 15.17 9.73 119 0.6
Second racking: vat-washing 3.7 3.46 16.33 9.32 185 0.6

water
Other wastewaters: vat-washing 4.4 0.52 4.91 2.51 70 0.5

water after the 3rd racking
(0.150 m3 per tank of
10.8 m3)

Vat-washing water after sale 5.8 0.16 2.47 0.95 24 0.4
(0.150 m3 per tank of
10.8 m3)

Vat-washing water of the rosé 4.5 0.44 23.96 12.80 88 0.5
wine after bentonite
clarification

Washing water of the diatomite 3.7 28.4 19.48 10.09 111 0.5
filter

Washing water of the bottling 9.1 0.58 12.20 7.05 0 0.6
plant

Because the water is mainly vat- and container-washing water, the surface area to be
washed per unit volume of the container becomes smaller if the size of the containers is
increased.

The characteristics of the effluents from these two stages to be considered in designing
the treatment plant are reported in Table 5.2 and mainly refer to the washing operation
in the routine processing cycle [22, 23].

The effluents mainly consist of washing waters for squares, floors, platforms, and
preliminary processing equipment, such as hoppers, storage tanks, crushers, stemmers,
presses, fermentation tanks, and must processing and separation machines, wine from
fermented pomace, and clarification of musts and racking [24, 25].

Wine bottling and must concentration, on the other hand, are present in wineries with a
complete processing cycle, and they differ considerably in terms of effluent type, because
the first stage discharges effluents with a high amount of biodegradable detergents and
soda with a highly basic pH and residues of labels, glue, and so forth, whereas the
second conditioning stage yields high amounts of water containing sulphur dioxide with
concentrations varying from 10 g/m3 to 100 g/m3 [26].

Therefore, in these two stages, specific pH-neutralization actions and a chemical-
oxidation plant to reduce the SO2 are required.
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Table 5.3. Variability of pollution load versus type of wine making

Settling Solids BOD5 COD
Type of Effluent pH (g/m3) (kg/m3) (kg/m3)

Wine making with 3.8 60 8.5 15.0
maceration (1st racking)

Wine making off-skins 4.2 20 1.6 3.1
(1st racking)

Pollution peaks also are found in the waters coming from the washing of filters and
tanks after bentonite clarification, because in the first two stages, in particular, there is an
average content of 25,000 to 28,000 g/m3 of suspended organic matter rich in tartrates,
tannin, glycosides, polyphenols, pectin, and so forth having a BOD5 content of no less
than 10,000 g/m3 [26].

It is also to be observed (Table 5.3) that in wine making with maceration, heavier
pollution loads are produced [27].

Moreover, both the amount of effluent discharged and the pollution load are highly
variable in the course of the year within the same winery because of the seasonal pro-
duction characteristics, especially for small wineries (Figs. 5.2 and 5.3).

5.2.2 Polluting Factors and Reduction of the Pollution Volume and
Effluent Load

The major pollution factors, regarding the different processing stages, can be classified
as follows.

Figure 5.2. Variation in the volume of wastewater after
primary settling in the period from September to November.

(Adapted from [28])
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Figure 5.3. Variation in the pollution load in the period
from September to December. (Adapted from [29])

Coarse Solid Residues
These residues mainly consist of pomace, grape seeds, and stalks that can be separated

by means of mechanical treatment, such as screening or primary settling. The removal of
these residues is, however, necessary mainly because of the large size of residues, which
could cause significant damage to pipes and effluent-conveyance channels, as well as to
the pumping stations [30].

Sludge and Lees
These represent about 40% of the total pollution load. Spreading on the soil and

thickening by filtration are the types of treatment often associated with these stages. In
the second case, in particular, filter presses or rotating filters [30] are used.

Potassium Bitartrate
The removal of potassium bitartrate encrustation through washing of vats is a signifi-

cant source of pollution [31]. In this case, it is essential to adopt all possible precautions
to reduce the volume of discharged waters beforehand, permitting potassium bitartrate
recovery at the same time.

Washing Techniques
Use of nozzles with adequate water-jet characteristics is necessary, so that the me-

chanical action exerted on the surface to be cleaned is adequately distributed (size and
distribution of drops of water, velocity and width of the opening angle of the jet, etc.).
If possible, high-temperature vapor also could be used, thus saving a large amount of
water; however, if the thermal action is increased considerably, the mechanical action is
reduced strongly.

Lining
The adhesion force of encrustation (and thus the related detachment energy) is closely

connected to the roughness of the surface to be cleaned. For instance, the epoxy-resin
lining of vats makes cleaning operations easier; the same is true for the electrolytically
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smoothed stainless steel. Water savings can be reasonably large, in some cases even as
high as 50%.

Water Run-off
The reduction in the volume of effluents to be discharged also is possible through

water run-off. The technique of temperature control through cold-water run-off at the
surface of the fermentation vats still is quite widespread due to the considerably low
investment costs [31]. However, in order to reduce wasting water that, although having
a low pollution load, still should be purified, the run-off water should be recycled.
Recycling prevents higher investment costs in the transformation of the cooling system
from the classical run-off system into direct or indirect expansion techniques using
refrigerating fluid and an appropriately designed refrigerating plant. However, it is worth
mentioning the drawbacks of such an expansion technique, in addition to those of higher
running costs: the need to clean the outer surfaces of the vats, the impossibility of
attaining the thermal powers required with vats with great volume:surface ratio; the
need for continuous control; and difficult automation.

Cleaning of the Support Surfaces
Other surfaces to be cleaned that are huge sources of pollution because of the high

amounts of water and detergents used are the bearing floors of support structures and
passageways. In this case, it is essential to optimize the concentration of detergents
according to their contact time with the surface to be cleaned, to choose temperatures that
improve the solubility of the removed substances in the washing waters, and to use high-
temperature techniques (vapor) or high–mechanical action techniques (water nozzles).

Recycling of Potassium Bitartrate Washing Waters
Washing waters resulting from the extraction of potassium bitartrate usually are not

conveyed to the purification plant because they still contain the previously mentioned
salt; they are reused for further crystallization operations, because of the high added
value of this substance.

Use of Ecological Filters
A considerable reduction in the volume of effluent discharged, as well as of its pol-

lution load, is possible through the use of ecological filters, in the technological cycle
of wine for must filtration, for example submerged filters with expulsion of the coat by
centrifugal action. In this way, the amount of water used for washing filters is minimized.

5.2.3 Treatments for Winery Effluents Purification

The different solutions adopted for purification of winery effluents are summarized
in Fig. 5.4 [26, 27].

Pretreatment Operations
As previously mentioned, effluents resulting from the processing treatment contain

suspended solids of different sizes, such as pomace, grape seeds, and stalks, that have to
be removed before the final purification treatment [32, 33].

Therefore, screening is the initial operation to be applied to winery effluents. The
amount of material that can be retained depends on the size of the screens; in particular,
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Table 5.4. Major size and operational characteristics of screens for the
collection of coarse materials

Hand-Operated Mechanically
Screens Operated Screens

Bar thickness (mm) 5–15 5–15
Bar depth (mm) 25–75 25–75
Bar opening (mm) 20–60 10–30
Inclination (degrees) 45–60 70–90
Water velocity upstream (m/s) 0.3–0.5 0.5–1
Head loss (m) 0.1–0.2 0.1–0.2

Source: [29].

Figure 5.4. Flow charts of the different plant alternatives proposed to treat winery wastewater.

larger-span screens, the bar types, allow hand or mechanical screening of coarse material
(Table 5.4), whereas the screens with smaller meshes, the mesh or the perforated-plate
types, are required for removing fine solids and are mechanically operated [33].

Fine screens, to which the same general remarks apply as for the mechanically oper-
ated ones, except for the size of meshes, which are generally smaller than 10 mm, are
generally of the drum type. Removal is performed by means of scrapers or by centrifugal
action.
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A primary settling tank then is installed to reduce the pollution load by eliminating
most of the suspended solids that are not retained by screening. For subsequent treatment
(autonomous or performed by other plants, either private or public) the pollution load is
reduced by limiting both the design and the installation and running costs.

However, primary settling produces sludge that requires a subsequent stabilization
treatment, which is too expensive to be applied to small plants for which the connection
with the sewage network is more profitable.

The settling tanks [33, 34] consist of circular concrete or iron tanks, with the bottom
slightly inclined towards the conveyance zone of the sludge settled by means of scrapers;
these are not installed in small-sized plants and have quite deep tanks to allow the
collection of sludge in the middle.

The residence time in the settling tanks generally varies according to the type of bio-
logical treatment envisaged for the effluent: 1.5 to 2 hours for the primary sedimentation
made upstream of the activated sludge oxidation plant, 3 to 4 hours upstream of the filter
beds.

In the case of plants close to the maximum size, the influence of wind on the velocity
of the liquid in the tank also has to be considered; it might, therefore, be necessary to
install a windbreak across the main wind direction.

The effluent of the settling tanks is accumulated in appropriate homogenization tanks
[33, 35], in order to reduce both the discharge fluctuations and pollution load as much as
possible. They are constructed in such a way as to avoid undesirable recycling through
air insufflation (air flow variable from 1 to 2 m3/h per cubic meter of the tank depending
on the level of the liquid) or with floating-type surface turbines (supplied power variable
from 20 to 40 W/m3 of tank capacity), in order to prevent anaerobic processes.

The volume of the equalization tanks has to be evaluated according to the volume of
discharged effluent and the desired reduction in discharge and pollution-load fluctuations
of the effluent.

The effluent is subsequently neutralized by adding adequate doses of sulphuric acid
or lime depending on the pH of the effluent. This process, which is required if additional
biological treatment is envisaged, generally is carried out automatically by the real-time
measurement of the pH by pH meters that control the opening and closing of electric
valves for the regulation and dosage of reagents [26].

Separate processing is carried out on the effluents resulting from the concentration
of musts that have to be subjected to the chemical oxidation process of SO2 before
moving to the subsequent treatment. The plant generally consists of a waterproof reactor
equipped with a mechanical stirrer to allow the best contact of the reagents with the
effluent. The oxidizing reagent most commonly used is sodium hypochlorite, which is
injected into the reactor, according to the measured pH, by means of adequate control
instruments [26].

Finally, a technique that allows the volume of effluent moved to the secondary treat-
ments to be considerably reduced consists of natural evaporation through evaporation
panels [36]. These are characterized by a large amount of evaporating surface compared
with their sizes and allow about 50% of the effluent to be concentrated at low installation
and management costs, especially if automated, with the same reduction in the final
treatment costs [37].
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This technique, however, has the typical disadvantage of lagooning, that is, the emis-
sion of malodorous volatile substances, and thus the impossibility of having urban set-
tlements in proximity to the plant, to be evaluated according to the different national
laws. Also the low effluent discharges for each evaporation module (10 units are not nor-
mally exceeded)—2 to 5 m3/d per module—could be a disadvantage of the evaporation
plant.

Secondary Treatment Operations
These treatments are recommended for large plants (autonomous treatment) or for

purification platforms to which the effluents from a number of plants are conveyed, not
necessarily from wineries, that are of an equally significant size.

Generally, in the case of wineries, aerobic biological systems are used (filter beds,
lagooning, activated sludge) in which the organic matter is metabolized through aerobic
microorganisms in the presence of oxygen and the possible addition of nutrients.

Secondary treatment can be made by means of an anaerobic process; however, these
methods require a constant effluent discharge and high operating temperatures as well
as rather long residence times, leading to costs that are unacceptable for winery-effluent
purification.

For these reasons, the anaerobic purification methods are not recommended for winery
effluents.

Filter Beds
Filter beds [26, 33, 38] consist of basins or containers generally cylindrical in shape

with a large amount of contact-surface filtering material per unit volume of filter bed, a
high degree of roughness to help the adhesion of the biological film, its long duration,
and relatively low cost, on which the effluent is made to percolate through adequate
distributors arranged on revolving arms (Fig. 5.5).

The effluent-distribution system has to assure a uniform spraying of the bed with such
specific discharges (referred to as the volume of the filter bed) to guarantee complete
wetting of the filling material.

In the case of traditional filling, intermittent distribution has to be applied: in this
case, small feeding tanks equipped with siphons are installed. Their volume is equal to
the amount that can be supplied each time in order to guarantee complete wetting and
filling times equal to the average retention time of the effluent in the filter bed.

The arms, on which the nozzles are mounted, rotate at variable speed according to
the filter material and the bed depth, from 1 to 30 revolutions per hour.

Therefore, gravel is used (resulting from the breaking of nonflaking rocks, volcanic
material, blast-furnace slags, etc.) as a filling material for the traditional type filter bed.

The size of the filter bed should not be too great, to allow a high surface:volume ratio,
nor too fine, to prevent clogging: the size of material generally used is between 0.05
and 0.20 m (surface:volume ratio variable from 80 to 90 m2/m3, void fraction 50%, bulk
density about 2500 kg/m3). It is also important for the material not to be too porous, to
prevent shattering during sudden temperature changes.

The height of traditional filter beds depends on the possibility of having optimal
ventilation: for average sizes of 0.05 m, a height of 2 m is adopted, whereas for average
sizes of 0.08 m the height can be even 3 m or more if the filter is equipped with an
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Figure 5.5. Filter-bed plant: feeding pump (1), spreading system (2),
section of the filter bed (3), cylinder containing the filter bed (4), air
circulation system (5), effluent recycling pump (6), settling tank (7).

adequate forced-ventilation system. Traditional filters are used if the polluting load of
the effluent is not high, to avoid an excessive growth of the biomass that would cause
bed clogging.

For higher organic loads, preformed plastic components generally are used as filling
material (Table 5.5), with vertical pipes having an inner honeycomb section, vertical
slabs consisting of crossed undulated slabs to form parallelepiped blocks.

Table 5.5. Major characteristics of plastic filling materials

Specific Surface
Type of Filling Type of Material (m2/m3) Void (%)

With vertical pipes PVC 220 94
With vertical slabs PVC 90–135 98
With vertical slabs Polystyrene 89–189 94
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Table 5.6. Operating characteristics of filters

Low-load Filters High-load Filters

Hydraulic load (m3/m2d) 1–4 8–40
BOD5 (kg/m3d) 0.08–0.4 0.4–4.8
Effluent recycling ratio (%) 0–50 100–400
Required electrical power (W/m3) 2–4 6–20
Purification efficiency 90–95 60–70

(% of removed BOD5)
Film detachment Intermittent Continuous
Type of supply Intervals not greater than 5 min Continuous
Nitrification Complete Moderate
Characteristics of the Black, highly oxidized Dark, not completely oxidized,

sludge obtained tendency to septicity

Filter beds are classified into two categories, low-load filters (BOD5< 500 g/m3) and
high-load filters. Operating characteristics are reported in Table 5.6.

A modified version of filter beds is the biodisk [38], in which the biological film
support surfaces consist of a set of disks (8=2–3 m) half-dipped in the effluent contained
in a horizontal semicylindrical tank. By rotating (n = 2–5 rpm) around the axis of the
shaft on which they are dovetailed, they oxygenate the liquid film during the stage of
contact with water that adheres to them during dipping.

Activated Sludge
Oxidation of organic load with the help of activated sludge [33, 39] occurs in a

tank in which oxygen is supplied by insufflation of air and dispersed in the liquid mass
by submerged turbines or porous porcelain or plastic diffusers or through mechanical
aerators (Fig. 5.6).

In the tank, the biological mass (activated sludge) is regenerated continuously by
recycling a part of the sludge separated in the subsequent secondary settling.

The concentration of the organic load generally is kept around 2.5 kg/m3 and never
exceeds 4.5 kg/m3 in any case.

The efficiency in removing the pollution load is between 85% and 92%, with a
retention time of between 4 and 6 hours. To achieve reductions in the region of 99%,
much longer aeration times are required (for total oxidation processes) of about 24 hours
[33, 40].

Figure 5.6. Activated sludge plant: homogenization tank (1), oxidation tank (2), settling tank (3).
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The shape of the oxidation tanks depends on the aeration system used. In the case
of diffused-air aeration, long and narrow tanks are used in which the width:height ratio
is 1 to 2 for diffusers installed along one of the longest sides, whereas higher val-
ues may be possible in the case of diffusers uniformly spread on the bottom of the
tank.

In the case of mechanical aeration, the tanks are circular in small plants or rectangular
(almost square) in other plants, where the width (or diameter):height ratio varies from
1.5 to 5 with increasing turbine size. Moreover, especially in small plants, or sometimes
in large units with subsequent oxidizing treatment, combined (or single-basin) plants are
used in which the aeration tank and the secondary settling tank are merged [26].

The level of the liquid is maintained almost constant within an interval of about 0.10
m by regulating weirs through which the aerated mixture passes via the conveyance
pipes to the secondary settling tank. This type of regulation becomes essential if fixed
mechanical aerators are used.

The main parameters characterizing the activated sludge-purification process are
(Table 5.7):
• Retention time, τr (h), in the aerated tank:

τr = 24 · V
V̇

(5.1)

whereV (m3) is the volume of the tank anḋV the effluent delivery (m3/d)
• Biomass concentration, MLSS (mixed liquor suspended solids, g/m3) and MLVSS

(mixed liquor volatile suspended solids, g/m3) in the aerated tank
• Organic load, U , referring to the unit mass of biomass (g BOD5/g MLSS):

U = 24 · BODi
5

τr ·MLSS
(5.2)

where BODi
5 is the organic load of the effluent reaching the aerated tank

• Organic load, Cv, referring to the unit volume of the aerated tank (g BOD5/m3):

CV = BODi
5

V
(5.3)

• Recycled sludge ratio, R (%):

R=100
V̇r

V̇
(5.4)

whereV̇r (m3/d) is the recycled sludge delivery
• BOD5 removal efficiency, η (%):

η = 100
BODi

5− BODo
5

BODi
5

(5.5)

where BODo
5 is the organic load of the effluent leaving the secondary settling tank.
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Table 5.8. Operational characteristics of aerated lagoons

Depth of the basin (m) 1.8–6
Range of allowable temperature (◦C) 0–40
Range of allowable pH 6.5–8.0
Hydraulic residence timea (d) 3–10
Concentration of suspended solids 80–250

in the effluentb (g/m3)
Purification efficiency of BOD5 (%) 80–95

a Coincides with the age of sludges because recycling is zero.
b Including algae, microorganisms, and suspended solids,

residues of the influent.

Aerated Lagooning
Unlike the activated-sludge oxidation process, in aerated lagoons the concentration

of microorganisms is not controlled by the recycling of sludge; they are exclusively
produced by the degradation of the biological substrate entering with the fluid [26, 33].

Generally, aerated basins are made of earth and impermeabilized. They supply the
oxygen required to maintain the aerobic conditions through floating turbines or diffused
aeration.

Therefore, in the aerated lagooning, energy consumption can be attributed mainly
to the mixing energy of the mass, because of the low total-solid content resulting from
the lack of sludge recycling. On the contrary, in activated sludge plants main energy
consumption comes from the oxygen transfer required for the biological process.

Aerated lagooning, thus, has the advantages of having a low level of sludge pro-
duction and not being affected by the variation in load and discharge. However, the
main disadvantages include the large area of land occupied and sanitary problems (mal-
odorous lagoons). In Table 5.8 the operational characteristics of aerated lagoons are
given.

Land Distribution
In addition to the previously mentioned possibilities, soil spreading also should be

mentioned [30, 41]. There are two solutions currently adopted for direct spreading of
effluents on the ground: transportation and spreading by means of tank wagons and land
distribution. In both cases the conditions that have to be respected in order to avoid soil
system damage are the absence, in the land subjected to spreading, of water-logging
sites or infiltration to the groundwater; uniform distribution of the effluent on the whole
surface affected by spreading; and an amount not exceeding 1000 to 1500 m3/ha.

When spreading by the tank wagon, it is particularly necessary to equip the winery
with an aerated basin of a sufficient capacity to contain the effluent produced in about 30
days at full capacity. It is also necessary to determine the capacity of the tank depending
on the total area available, on the overall amount of effluent to be distributed, and on the
time required for the operation.

If spreading on land, the irrigation network has to be adequately designed according
to the previously mentioned parameters, as well as to the type of emitter used, the
possibility of real automation depending on the effective daily (or hourly) load, and also
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Table 5.9. Characteristics of the influent to the treatment plant

Minimum Maximum

COD (g/m3) 2000 9000
BOD5 (g/m3) 1200 6000
Total suspended solids (g/m3) 200 1200
Nitrogen (g/m3) 25 70
Total phosphorus (g/m3) 5 10
pH 7 12.9
Discharge (m3/d) 4 30

Adapted from [26].

meteorological conditions. There is a higher investment cost but lower running costs
than with spreading by tank wagon.

5.2.4 Design Example of Treatment Plant for Winery Effluents

Let us take the example of a winery that processes 3000 m3 of wine (2400 m3 white
wine, 350 m3 red wine, and 250 m3 sparkling wine) [40].

Pomace and fermentation lees are channeled to distillation, whereas potassium bitar-
trate is precipitated and recovered to be sent to tartaric acid–producing plants. Washing
of vats, premises, and equipment is carried out using phosphate-free products, and the
effluents coming from the buildings attached to the winery are not mixed in.

Table 5.9 reports the typical parameters of the effluents to be treated.
The following is provided:
• Coarse screen with automatic cleaning
• Equalization tank (70 m3) in order to make the pollution load and the discharge

constant over a period of 24 hours, thus allowing the purification plant to operate
even in the periods of nonprocessing; equipped with diffused-air aerators

• Three oxygenation tanks with complete mixing (70 m3), one with double store
(combined: 33+ 37 m3); these are of the modular type, thus allowing the exclusion
of one or more tanks according to the effluent discharge, variable because of the
seasonal nature of winery activities; equipped with membrane diffusers situated on
the bottom of the tank for the diffusion of extremely fine air bubbles

• A circular upward-flow settling tank (25 m3), with a cone-shaped bottom equipped
with an outlet for excess sludge

Given the high flexibility of the plant, the tank supply system has to be controlled au-
tomatically in order to allow the rapid adaptation of the plant to new operating conditions.
Purification efficiency of the COD is estimated to be about 98%.

5.3 Effluents from Olive-Oil Processing
G. C. Di Renzo

5.3.1 Extraction Systems and Effluent Composition

Oil extraction from olives does not require great quantities of water. The effluent
produced during the extraction presents a high organic load, however, which has to be
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Table 5.10. Sources of effluent from olive-oil
processing

Sources Valuea (%)

Washing water 0–10
Olive water 40–90
Water added during extraction

Traditional process 0–10
Continuous process 0–60

a Expressed as percentage of weight of milled olives.

treated in order to avoid damaging the quality of the water into which the effluent is
discharged. In Table 5.10 a source distribution of olive-oil processing effluents (OPEs)
is shown. The tap water required for the olive-oil extraction varies mainly in relation to
the type of extraction system (continuous or discontinuous) [42].

Use of the continuous system (centrifugal extraction) generally requires an increase in
the amount of tap water added to the olive paste before the extraction. This is necessary to
reduce the viscosity of olive paste and to facilitate the separation of the oil-water mixture
from the solid part (pomace). Generally the OPEs produced are 900 to 1200 kg/ton of
processed olives. By using different volumes of processing water the OPE concentration
of organic compounds is changed by 3% to 12%.

In the discontinuous process (using a hydraulic press) the volume of the effluent is
reduced to 500 to 700 kg/ton of processed olives; however, the organic load concentration
dramatically increases.

OPEs generally are discharged into a tank in which they are maintained for a period
of 2 to 6 days. In this phase the fat floats because oil–water emulsion is partially broken
and suspended solids settle, so organic load is reduced by about 15%. All the sugar is
subject to uncontrolled fermentation, and a large amount of alcoholic compounds are
produced (e.g., ethilic and methilic alcohols). Tables 5.11 and 5.12 show the average
composition and characteristics of OPEs [43–46].

Table 5.11. Average composition of effluent from
olive-oil processing (in kilograms per ton)

Italy Spain

Water 880–970 830–900
Organic substances 20–100 70–150

Sugar 8–61 20–80
Nitrogenous substance 4–13 12–24
Acids 3–8 5–15
Pectins 5–8 10–15
Fats 0.2–10 0.3–10

Inorganic Substances 10–20 10–20
Potassium salts 6–14 5–10
Phosphate 1–3 1–3
Others 2–3 2–3

Sources: [43–46].
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Table 5.12. Effluent characteristics from olive-oil
processing

Parameter Value

pH 5.0–5.5
Specific weight 1.020–1.049
Dry extract (kg/m3) 61.1–129.7
COD (kg/m3) 60–180
BOD5 (kg/m3) 20–55
Reducing sugar (kg/m3) 15.9–35.8
Total phenolic compounds (g/m3) 2.7–6.2
O-diphenols (g/m3) 2.0–4.8
Alcohol precipitate (g/m3) 24.6–30.4
Ashes (kg/m3) 6.4–20.1
Organic nitrogen (g/m3) 404–544
Total phosphorus (g/m3) 185–485
Sodium (g/m3) 36–110
Potassium (g/m3) 950–2470
Calcium (g/m3) 69–162
Magnesium (g/m3) 90–194
Iron (g/m3) 14.0–32.9
Copper (g/m3) 1.59–3.12
Zinc (g/m3) 2.06–3.57
Manganese (g/m3) 1.55–5.32
Nichel (g/m3) 0.57–0.78
Cobalt (g/m3) 0.18–0.43
Lead (g/m3) 0.42–1.05

In order to quantify the magnitude of the problem related to OPE organic load, it must
be considered that 1 ton of milled olives produces about 36 kg BOD5, which corresponds
to a daily load of about 650 inhabitants. So a small olive-oil extraction plant that mills
10 ton/d of olives produces the same polluting load as a town of 6500 inhabitants [42].

5.3.2 Water Saving and Recycling in Processing

In the past 20 years efforts have been directed at lowering extraction costs by replacing
the discontinuous system with a continuous one. The olive paste generally is separated
into three fractions (three-phase extraction), oil, OPEs, and pomace, by using centrifugal
technology. In order to preserve the advantages of centrifugal extraction, either reducing
the amount of water added until it is completely eliminated, a three-phase centrifugation
with recycling of OPEs, or two-phase extraction (Fig. 5.7) is suggested.

The three-phase centrifugation with recycling of OPEs soon after centrifugal extractor
outlet permits a reduction in OPE production by about 40% to 60%, with a consequent
reduction of tap-water use in the process. The pollutant load in the water is similar to
that produced in the discontinuous system [47].

The two-phase extraction requires the centrifugal extractor to be modified from those
used for the three-phase extraction (for control of differential rotational speed between
bowl and screw). However, it allows the tap-water addition to be eliminated or reduced
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Figure 5.7. Olive-oil centrifugal extraction layout of traditional three-phase, three-phase with
recycling of wastewater, and two-phase plants.

to minimal levels in the case of olives with low moisture content. There is the added
advantage that it eliminates OPE discharge, although it leaves a moisture content of about
60% in the pomace [48]. The higher moisture content makes the chemical extraction of
the residual oil in the pomace more expensive.

5.3.3 Reuse for Land Irrigation

At present the use of OPEs for land irrigation still is being studied, not only as
a disposal system for these effluents but also as a way to improve the physical and
chemical characteristics of the soil. Before use it is a good practice to subject the OPE
to adequate treatment of grinding, flotation, and sedimentation, in order to facilitate the
separation of oil and coarser materials [49, 50].

OPEs contain an appreciable quantity of mineral elements, which could replace
some of the nutrients generally provided by fertilization. OPEs are actually very rich
in potassium, and they also contain nitrogen, phosphorous, and magnesium, but the



Effluents from Olive-Oil Processing 501

most important component is organic matter that could improve soil structure and soil
microbial population development [51].

The positive effect could be reduced by the following characteristics:
• Salinity, which could reach a high concentration in the soil and produce flocculation

of the clayey soil fraction [52, 53]
• High acidity, i.e., a low pH of about 4.9 for OPEs produced from traditional plants;

a pH of about 5.6 for OPEs produced from centrifugal extraction
• Abundance of poliphenols, which present a notable phytotoxic effect on crops [44]
The literature on OPE utilization for land irrigation is quite recent. It presents different

conclusions about the appropriateness of performing this operation. Negative consider-
ations are based on the presence of a high organic load in the OPEs and on the presence
of poliphenols, which have a notable phytotoxic effect on seed germination and crop
growth [52–54].

Table 5.13 shows the different results obtained by several authors regarding volume
and condition for distributing OPEs on fallow land [55, 56], land planted with olive trees
[44, 45, 57, 58], or land before planting and in presence of vegetable crops [59, 60]. In
some cases the positive results have been obtained by neutralizing the acidity of OPEs
with lime before application on different crops [44].

Table 5.13. Volumes and periods of olive-oil processing effluents connected to field irrigation advised
for different crops

Volume Period Notes Ref.

Olive <100 m3/ha 41
>400 m3/ha 51
<800 m3/ha

100–200 dm3/tree Neutralizing the 40
>100 m3/ha acidity 54
<150 m3/ha

Vine (var.verdeca, <150 m3/ha Increase production 54
var. montepulciano) and sugar content

Salad <200 m3/ha Distributed until 10 d 41
before transplanting

Rye-grass >200 m3/ha Distributed until 45 d Trials executed in pot 41
(Lolium italicum) <800 m3/ha before seeding and greenhouse
Wheat >20 m3/ha During the bunching 55

<320 m3/ha phase
Wheat >20 m3/ha Distributed until 30 d 56

<100 m3/ha before seeding
Corn >20 m3/ha 40–50 d before seeding 55

<320 m3/ha
Corn >20 m3/ha Distributed until 20 d 56

<100 m3/ha before seeding
Barley >20 m3/ha During the bunching 55

<320 m3/ha phase
Sunflower >20 m3/ha 40–50 d before seeding 55

<320 m3/ha
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Fiestas [44] points out the need to perform the distribution considering the crop pheno-
logical phase, especially in terms of germination for the vegetable crops and the vegetative
activity renewal for arboreal ones, which must be changed from around 2 to 3 weeks.

Bonari [59] concludes from field trials that distributing up to 320 m3/ha of OPEs
during the heading phase on wheat or barley, and on uncultivated soil before corn and
sunflower seeding, does not produce negative effects on the crops’ biological cycles or on
their productions. However, he points out the necessity of extending the experimentation
to different season courses and for a large number of years.

Catalano et al. [58, 61] verify that the organic components of the OPEs are decomposed
in a short time and that in soil subjected to distribution there is shown to be an increase
in the nitrogen, phosphorous, and potassium contents. The utilization of OPEs causes
a phytotoxic effect on the potato and almost all weeds. It also results in a vine- and
olive-production increase in terms of quantity and quality.

5.3.4 OPE-Treatment Systems

Regarding the high organic load of OPEs, generally the treatment system is not a
single operation but a sequence of interrelated operations. Collection, screening, equal-
ization of effluent flow, and sedimentation are treatment steps preceding biological or
physical treatment. The following solutions have been proposed after considering this
difficulty [42]:
• Large plants, designed to process a large amount of urban and agroindustry effluents.

These plants treat effluents produced by different industries; they allow optimization
of the treatment, recovery of the by-products, and the use of a more rational man-
agement process. The running costs are reduced, but these plants require additional
transport cost for effluents.

• Small plants, designed to process the effluents produced by a single olive-oil pro-
cessing industry. These plants have a lower cost than the large ones. The treatment
system is simplified, and generally by-products are not recovered. Often the energy
costs are higher than those of the large plant, but they can be reduced by using
renewable fuels.

Biological Treatment Systems
In the biological treatment systems, the organic matter is transferred to the biomasses

by interfacial contact and associated adsorption. The efficiency and the speed of this
biological process depend on the extension (related to a concentration gradient of the
substances to be removed from one phase to the other) and the quality (related to the
oxidation of organic matter and synthesis of new cells) of the interface between water
and biomass [62].

Organic substances concentrated at the surface are absorbed by the biomass. Absorbed
substances are decomposed during the metabolic activity of microorganisms and are used
for cell growth and multiplication. End products of decomposition are released into the
water, and the gases escape if the partial pressure in the contiguous atmosphere is lower
than that inside the water [62].



Effluents from Olive-Oil Processing 503

The low biodegradability of OPEs makes the use of traditional biological systems
alone more difficult. Those systems are not adequate to stabilize the organic load in a
short detention period [63, 64]. For this reason they generally are diluted with urban
effluents or preceded by treatment for reducing the poliphenol content.

Activated-Sludge System
In the activated-sludge system, the purification process is controlled by regulating

sludge waste and return. Generally the sludge is recirculated for a few days. In this
system the floc suspension and activity depend on the flocs’ dimensions. Too-large or
too-heavy flocs tend to become inactive and anaerobic [62].

Temperature and availability of oxygen and essential minerals are the most important
parameters influencing biomass activity and floc growth [65].

The minimum mineral requirement is a ratio of BOD5: N:P equal to 100:5:1. In OPEs
the ratio of BOD5:N:P is 100:1:0.5; large amounts of minerals are required in order to
create the best growing conditions for the active biomass [65].

The presence of substances that inhibit biomass growth requires preliminary treatment
of OPEs for the degradation of phenolic compounds, thyrosol, and hydroxythyrosol that
occur in the highest proportion and are the main antibacterial compounds present in the
OPEs.

Martinez-Nietoet al.[66] report that by usingAspergillus terreusin aerobic conditions
69% of total phenol content can be degraded. COD and BOD5 degradation are 53% and
67% respectively.

Due to the high pollutant load in OPEs and the low BOD5:COD ratio (0.30–0.35),
aerobic treatment on untreated OPEs requires an elevated energy cost for oxygenation.
Moreover, the long treatment time required by OPEs makes it necessary to construct
expensive large volume tanks.

Treatment of the activated-sludge type on OPEs has been carried out as follows:
• As the final purification treatment on effluents produced in other purification systems

(anaerobic treatment and concentration treatment) (Fig. 5.8)
• In a mixture with urban wastewater [63–65]; good results are reported in refs. [67]

and [68] with the OPE:urban wastewater ratio of 0.033 as volume and 2.7 as BOD5.
The efficiency of BOD5 removal is 75% with a projected BOD5:suspended solid
ratio of 0.5 (Fig. 5.9).

Anaerobic Digestion System
Anaerobic purification of effluents normally is carried out at a slower rate than aerobic

purification [70]. During the anaerobic purification, gases are released and foul-smelling
intermediate substances are produced [62]. Subsequent treatment of the effluent by aer-
obic biological processes is required.

Before carrying out anaerobic digestion, dilution or pretreatment is required because
of the organic load of OPEs. Pretreatment generally is based on microorganism inoc-
ulation that operates in aerobic conditions. Borjaet al. [71] find that inoculation with
Geotrichum candidumprovides a partially purified effluent that is subject to a faster
anaerobic process than the original OPE [71].
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Figure 5.8. Compact plant for aerobic treatment with activated sludge of pretreated waters.

Padillaet al.[72] use a treatment with sepiolite or bentonite for reducing the biomass
inhibitor substances (phenolic compounds). They report that the use of sepiolite totally
eliminates thyrosol in 12 days and hydroxythyrosol in 24 days.

Hamdiet al.[73] find thatAspergillus nigergrows on undiluted OPE, yielding reduc-
tions in COD and phenolic compounds of 61% and 58%, respectively. Use of this system
as a pretreatment for anaerobic digestion is suggested to create a better environment for
growing methanogenic bacteria. Methane production is increased by 50% compared with
the control during anaerobic digestion of OPEs prefermented byAspergillus niger[74]
by adding a microbial consortium (obtained by enrichment culture on syringate of termite
gut material) to the control inoculum originating from OPE sludge in a ratio of 1:4.

Purification of OPEs using anaerobic systems is possible because the polluting load
consists of soluble and colloidal substances. These characteristics suggest the use of
high-load reactors such as the upflow anaerobic sludge blanket [75].

The anaerobic plant generally consists of an activated and digestion unit (gastight
tank), a degasifier, a sludge-separation tank, and a return sludge pump (Figs. 5.10 and
5.11). The process must be kept at a temperature of 35 to 37◦C, so heat should be supplied,
and combustible gases may provide the necessary heat.

The anaerobic process is continuous, the plant is continuously fed with OPEs. Inside
the tank the OPEs are mixed with the biomass in order to improve the contact between
biomass and organic-waste substances. Good results for purification of OPEs are reported
with the average concentration of 34 kg BOD/m3 [76].
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Figure 5.9. Compact plant for aerobic treatment with activated-sludge of OPEs mixed
with urban wastewater. Cross-section (upper) and plan view (lower). 1, Wastewater
inlet; 2, screen; 3, oxidation; 4, settling; 5, sludge digestion; 6, sludge settling; 7,

overflow deflector; 8, air diffuser; 9, outlet-treated water; 10, air-distribution pipe to the
diffuser; 11, air main pipe; 12, skimming blade; 13, skimmer; 14, equipment room; 15,

air compressor; 16, electric control panel.

Anerobic treatment effluent has a pH of 7.2 to 7.5, a COD of 4000 to 5000 g/m3, a dark
red color; and an absence of suspended solids. Anaerobic digestion of OPEs requires
little energy or mineral nutrients. Modest quantities of sludge are produced during the
process (Fig. 5.12) [77].

Before storing, the biogas produced is dehumidified [72]. The quantity produced is
generally about 10 m3/m3 of OPEs treated, with heating power equivalent to 6 kg of
combustible oil [76].
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Figure 5.10. Anaerobic plant layout. 1, Screen and store tank with lime addition for pH
neutralization; 2, boiler for warm-water production; 3, anaerobic digester; 4, biogas tank;

5, plant for aerobic treatment with activated sludge; 6, sludge settling.

Figure 5.11. Anaerobic digester. 1, Digester; 2, OPE inlet; 3, recirculated sludge inlet; 4,
bottom sludge outlet; 5, middle sludge outlet; 6, pipe to feed sludge to heat exchanger; 7,
telescoping valves; 8, biogas outlet; 9, temperature-measuring device; 10, insulation; 11,

sample access; 12, bottom manhole; 13, top manhole.

Figure 5.12. Mass balance in anerobic treatment. (Adapted from [70])
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The seasonal nature of OPE production (generally no longer than 100 days) is compati-
ble with anaerobic digestion because of the reduced decay of microorganisms responsible
for the process during the period of inactivity [76].

The use of a reactor with microorganisms immobilized on clay supports (sepiolite)
improves the methane-production rate [71, 78].

In order to operate the plant year-round and to avoid the start-up period (required
after several months of plant inactivity), anaerobic codigestion may be carried out by
operating on swine effluents mixed with OPEs or dairy effluents depending on their
availability. An organic loading rate of 3.84 kg COD/m3d was found to be safe for a
digester operating on a year-round basis [79].

Borja and Gonzalez [80], comparing an anaerobic filter reactor (AFR) and an anaer-
obic contact reactor (ACR) for OPE purification find that a steady state is reached more
quickly using the ACR process than with the AFR process. The daily methane production
and COD removal measured with the AFR were greater than those measured with the
ACR. The application of ACR and AFR results in yields, respectively, of 0.18 and 0.34
m3 methane/kg COD. The AFR yields a biogas with a higher percentage of methane
and effluents with lower volatile fatty-acid and solid contents than the ACR. Additional
advantages of the AFR over the ACR include the elimination of mechanical mixing and
sludge settling and return.

Georgacakis and Dalis [81] describe a mesophilic anaerobic digestion of supernatant
and sludge obtained from OPEs after 10 days of settling in fixed bed– and plug flow–
type anaerobic digesters. The biogas produced is about 2.28 m3/m3 of digester volume,
the chemical oxygen demand reduction is 94%, and a final effluent COD is 4 kg/m3

[81].

Concentration by Evaporation Systems
Concentration by evaporation systems consists of separation of the OPEs into two

fractions, water and sludge. The major fraction of organic-waste substances remain in
the sludge. Generally the evaporated water still requires biological treatment in order to
decompose organic compounds evaporated with water. The sludge is treated in compost-
ing plants or used in a burner with combustible oil for heat production [82]. Concentration
can be carried out in batch evaporators or continuous evaporators.

The batch evaporators are short vertical tube evaporators that contain a heating ele-
ment. They normally have a large central downtake and vertical tubes from 0.9 to 1.5 m in
length. The effluent’s movement through the heat exchanger is controlled by an internal
or external circulating pump. The pressure inside the evaporator can be reduced to 0.7
bar in order to improve the distillation process.

The sludge remains in the batch evaporator until the concentrate reaches the estab-
lished concentration; then it is discharged into a second tank for storing. The vapor
separated from OPEs is aspirated by a vacuum pump, condensed, cooled, and then trans-
ferred to the biological treatment system (Fig. 5.13).

Continuous evaporators are generally multistage flash evaporators. These are usually
long vertical tube machines. Effluents are heated in a surface heat exchanger and flashed
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Figure 5.13. Plant layout of a batch evaporator for OPE concentration using renewable fuel
(pomace).

from one effect to the next from the last stage to the first. They permit an energy savings
for effluent concentration [83].

The steam consumption regarding the mass of evaporated water varies, according to
the number of effects used (Table 5.14).

The OPE plants generally consist of two or three effect-flash evaporators. Each evapo-
ration unit consists of a flash-evaporator column, a shell-end-tube exchanger, a pump for
sludge circulation, and a pressure valve that controls the degree of sludge concentration
(Fig. 5.14).

Flash-evaporation columns and shell-end-tube exchangers are used because the con-
centration has to be maintained in rapid relative movements compared with the heat-
exchange surfaces in order to avoid fouling.

The following end products (Table 5.15) are obtained through the concentration in a
triple-effect concentrator:
• Water–alcohol mixture, which is obtained in the first effect and contains a varying

amount of alcohol ranging from 2.5% to 15%; the alcohol presence is due to the

Table 5.14. Steam consumption in relation
to the number of effects in concentration

of olive-oil processing effluents

Number Steam Consumption
of Effects (kg steam/kg evaporate water)

1 1.20
2 0.65
3 0.36
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Table 5.15. Average characteristics of elements in evaporation process

Olive-Oil Processing Water–Alcohol
Effluents Concentrate Mixture Evaporated Water

Density (kg/m3) 1060 1190 985 1000
Dry matter (kg/t) 80 530 — —
Calorific value (kJ/kg) — 19.28 — —
Alcohol content (kg/100 kg) — 2.5–4.0 — —
COD (kg/m3) 100 — 60 2

Figure 5.14. Plant layout of two-effect flash evaporator. 1, Screen and store tank; 2, first effect with
distillation column; 3, first effect shell-end-tube exchanger; 4, second effect; 5, second effect
shell-end-tube exchanger; 6, feed heater; 7, boiler for steam production; 8, concentrate tank;

9, antifoaming agent tank.

alcoholic uncontrolled fermentation of sugars in the effluent soon after the discharge
in the storing tanks

• Evaporated water, which is separated in the second and third effect, with a COD of
1.5 to 2.0 kg/m3

• concentrate with a moisture content of 0.5 to 0.6 kg/kg.
Table 5.16 shows the average mass and energy balance on the basis of an 800 kg/h

feeding rate.

Concentration by Ultrafiltration and Reverse Osmosis
Vigo et al. [84, 85] propose an ultrafiltration system for small olive-oil producing

units. They obtained low energy consumption, oil recovery, and permeate with low
organic load by using a polyvinylidene fluoride membrane. The flux of permeate is high,
but it requires biological treatment to reduce the organic load still present.



510 Effluent Treatment in Agroprocessing

Table 5.16. Mass and energy data of the concentration process of olive-oil processing effluents

Mass Energy

Flow Rate (kg/h) Percentage MJ Percentage

Input
Combustible oil 30 — 1218 67
Concentrate recycled 63 — 525 29
Electrical energy — — 86 4

Output
Water–alcohol mixture 280 35 41 —
Evaporated water 400 50 67 —
Concentrate (53% of dry matter) 100 15 352 —
Thermal energy losses — — 65 —

Note: With plant-feeding rate of 800 kg/h.

Massignanet al. [86] successfully treated OPEs with reverse osmosis, using pre-
treatment with calcium chloride (0.01 mm3/m3 CaCl2) at room temperature. They re-
port that natural stabilization for 4 months also induces an effective separation of gel
substances and an increase in efficiency of reverse osmosis. Using flat membranes for
reverse osmosis mod. DDS (De Danske Sukkerfabrikker) 20-0,36 LAB, they obtained a
permeate flux equal to 0.385 m3/m2d, with a COD rejection of 98%.

Amirante and Di Renzo [87] describe a reverse-osmosis plant with a capacity of 4 m3/h
developed for industrial application. It consists of the following treatment: flocculation
of suspended solids, prefiltration using a rotary-vacuum precoated filter, reverse-osmosis
filtration or microfiltration, and activated-sludge biological treatment of permeate (see
Fig. 5.15). Flocculation of suspended solid is carried out with 10 g/m3 of a cationic
organic polymer with a detention time of 1 minute.

Due to the high concentration of solid particles in OPEs, prefiltration is carried out
with a rotary precoat filter of 10 m2 area. About 130 kg of perlite is used as a filter-aid

Figure 5.15. Plant with reverse osmosis developed for industrial application. 1, Screen; 2, store
tank; 3, lime tank; 4, flocculant tank; 5, flocculation tank; 6, precoat tank; 7, rotary precoat filter;
8, filtered water tank; 9, reverse-osmosis unit feed tank; 10, reverse-osmosis unit with membranes;

11, aerobic treatment unit; 12, sludge-settling tank.
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Table 5.17. Average operating data of
filtration treatment of olive-oil processing

effluents with 3% of dry matter

Characteristic Value

Drum rotation speed (rpm) 1.6
Blade advancing speed (µm/s) 4.5
Prefiltered permeate flow rate (m3/h) 3
Specific flow rate (m3/h·m2) 0.3
Drum vacuum pressure (MPa) 0.06
Dry-matter filtered effluent (%) 2

precoat. It is spread on the surface and produces a 60 mm–thick coat applied to the filter
drum. This cake, mixed with the solid particles deposited on the surface, is dressed by
the knife blade microadvancing to expose the cylindrical surface of the clean filter aid.
Filtration is finished when the blade has removed all of the panel. The time required
ranges from 3 to 6 hours, with dry matter in the OPEs ranging between 2% to 10%. The
data on filtration is reported in Table 5.17 using OPEs with 3% dry matter.

Operating with a higher dry-matter content (8%) of OPEs, a specific flow-rate value
of 0.15 m3/h·m2 has been measured. The COD removed in this operation ranged between
30% and 80% depending on the concentration of organic load in treated OPEs.

The reverse-osmosis unit consists of three cellulose acetate spiral-wound modules in
a fiberglass shell, mounted in sequence, working at a pressure of 5.8 MPa. The permeate
rate measured was 0.060 m3/h·m2, recycling the concentrate with prefiltered permeate.
The membrane-cleaning cycle is required after 8 hours of running.

Permeate presents COD equal to 1 to 2 kg/m3 and requires additional treatment in an
activated-sludge biological plant (Table 5.18).

OPE Drying
In order to dry OPEs, they are sprayed on the pomace and dried in a rotary drier. A

direct-fired combustion furnace (fed with dried pomace) directly connected to the drier
supplies hot combustion gas to the drier. A cyclone recovers the dust from the exhaust
gas. The amount of dried pomace burned in the furnace per ton of olives processed ranges
from 80 to 200 kg (about 30%–60% of the pomace produced) depending on the volume
of OPEs produced and the final pomace moisture content required [88].

Table 5.18. Characteristics of the reverse osmosis process

Olive-oil Processing Permeate after Biological
Effluents Filtrate Permeate Treatment

pH 5.30 5.2 3.6 7.2
COD (kg/m3) 100 35 1.2 0.2
BOD (kg/m3) 36 10 0.05 0.025
Dry solids (%) 6 2 0.05 0.05
Fat (%) 0.04 0 0 0
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Table 5.19. Comparison of requirements of olive-oil processing effluent treatment systems

Labor Construction Operating
Land Energy Labor Qualification Cost Cost

Land distributiona
******** ** ***** * ** **

Activated sludgeb
**** ** ** ** * **

Anaerobic digestion **** *
c

** **** *** **
Concentration by ** ****** ** ****** ******** *****

evaporation systems
Concentration by ** ******** ** ******** ****** *******

reverse osmosis
Drying * **** ** ** ***** ****

Sources: [61, 63, 79, 83–85] and information from others’ and author’s experience.
Note: ** low; ***** medium; ******** high.
a Evaluation include machines for transport and distribution in field.
b Olive-oil processing effluents mixed with urban wastewater.
c Recycling the biogas or the pomace in the process.

5.3.5 Comparison of Treatment Systems

OPEs can be treated by different systems. In industrialized countries the limiting
factors are generally national regulations on purified water standards and disposal and
operating costs, especially in terms of personnel. In developing countries high plant
costs, labor qualification, plant-management difficulties, and availability of spare parts
represent important aspects that have to be evaluated when choosing a treatment system.
Table 5.19 shows the author’s evaluated scores for the various requirements regarding
different OPE treatment systems, considering the reference source indicated.

The comparison of the different systems in relation to the OPE composition led to
the conclusion that it is difficult to define the best solution and design for OPE treatment
and purification. All the systems described can be effectively used to treat OPEs, but a
system must be chosen and adapted by analyzing the local situation and management
qualification [89, 90]. Only in this way it is possible to design and build an efficient plant.
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preheated, 101
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air-flow distribution, 343
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anthropometric data, 297
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apricot, 363–5, 367, 372
aroma, 265
Arrhenius-type equation, 73
aseptic processing, 367
Aspergillus Flavus, 5
atmospheric modification (MA and CA

storage), 360
auger, 14

axial-flow fan, 27
avocados, 364

bacteria, 275
bag storage, 46–7
bags, 99
baking quality, 105, 122, 123
bananas, 364, 365, 369, 372, 381
batch-evaporators, 507
Baumé degrees, 421
beans, 366
beetroot, 370
belt conveyor, 12–13
belt press, 377
berry fruits, 369
bin-batch dryer, 35
biodegradable, 476, 478, 480, 485
biological treatment, 478, 490, 502, 507, 509,
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blanching, 362, 363, 377, 378
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blue vein, 163
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breakage susceptibility, 4
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brix degrees refractive index, 261
broccoli, 368
browning, 278, 307, 311, 368
bruise susceptibility, 310, 331
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bucket elevator, 16–17
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bulb size and shape, 131, 132
bulk compression, 401
bulk density, 2–3, 12, 67, 471
bulk storage, 47–54, 96, 112–13
bulk stores

loading, 120
risks with, 97

by-products, 477, 502

CA storage,seecontrolled atmosphere storage
cacao seeds, 6
cacao-bean drying, 65–6
calcium, 286
calcium carbide, 364
canning, 362, 363, 367
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carbon-dioxide, 75, 102, 476

production by potatoes, 103
carbon/nitrogen, 481
carrots, 70
carton strength, 325
cascade sorter, 301
cassava, 372
cassava-flour, 166, 167
cauliflower, 368
caves, 353, 384
cell loader, 120
cell packs, 323
centrifugal fan, 27
centrifugation, 476, 479, 499
centrifuging, 427
CFD, 87
channels,seeducts
chemical composition, 82, 217, 218, 219
chemical detergents, 476
chemical treatment, 478, 479, 480
chemical residues, 5–6, 247, 259
chemical tests, 259
chilled storage, 50–1
chilling injury, 227, 275, 339, 383, 394–7
chlorination, 478, 480
chlorophyll, 264
chutney, 370
CIAT, 157
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citrus, 365–6
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clarifiers, 373–4
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closed plants, 481
coagulation, 478
coarse, 381
coconut, 362, 364, 366, 370–1
coconut oil, 370–1
COD, 497, 503, 504, 505, 507, 509, 510, 511
codlin moth, 247
coefficient of restitution, 315
coffee drying methods, 381, 458, 459–68
coffee quality, 381, 458–9
coffee storage, 381, 458, 468–70
colloid mills, 373
color index number, 105, 122, 257, 265, 394–7
color sorters, 257, 263, 297, 394–7
coloring

black, 122
internal, 122

combination drying, 36, 466
commercial maturity, 274
complex-shaped products, 82
composition, 498, 512

of major fruits, 245
compost, 481
compression loading, 314, 325
compressive stress, 405
compressor, 347
computer

aided design, 83
vision, 83

concentrate, 366
concrete silos, 48
concurrent-flow dryer, 38, 42
condensation, 102, 108, 118

prevention of, 99, 120
condensers, 347, 349
conservation factors, 95
consumer, 249
contact area, 314
contaminants, 244
continuous-evaporators, 507
control

actuators, 109
differential, 109
of diseases and pests, 193–5
manual, 109
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postharvest diseases, 143
process computer, 109
thermostat, 109

control and design, 83
controlled

atmosphere, 139, 140
atmosphere storage, 49, 191, 281, 282, 342,

343, 356, 414, 416
controlled ripening, 364–5
convection, 106, 107
convective mass transfer coefficient, 78
conveyors, 11
cookers, 377
cool-down, 102–3, 110
cooling, 82, 102, 103, 305, 351

installations, 102
systems, 83
unit, 118,seeequipment

coolstorage, 305
cosmetic appearance, 247
cottonseed, 370
counterflow drying, 461, 462
crates, 97
crates stores, loading, 121
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creep, 403
crib storage, 46
crop losses, 291
cross-flow dryers, 38, 39–40
cross-sectional area, 112–3, 115
crush, 421–3
crushing, 421, 440
cultural factors, 249, 388
curing, 102, 126, 161, 188, 189, 220, 222, 287
cushioning, 323
cutting, 373
cyanide, 166, 178
cyclone chamber, 461

damage, 309, 316, 330
Darcy’s law, 88
degreening, 364–5
decanting, 427
decay, 394–7
degree-day calculations, 265
dehydratation, 80
dehydrators, 378
delayed light emission, 264
density, 417
desiccation, 363–4
destemming, 422
destructive tests, 251
deterioration, 60, 61
developing countries, 351, 381, 476, 512
die, 399
discharge coefficient, 114
diseases and disorders, 226, 227
disinfectants, 476
dockage tester, 3
dormancy, 104, 126, 127
double shear, 400
drainage, 423
drenching, 295
dry-bulb temperature, 21
dryer control, 42
dryeration, 35, 463–4
drying, 65, 101, 363–4

and curing, 132
drying models, 32
drying rate, 29–31
duct

airspeed in, 112, 113, 115
aperture ratio, 117, 119
design, 112–13, 115
friction factor, 115
half-round corrugated steel, 112
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dynamic loading, 402
dynamic low pressure indenters, 262

eating quality, 274
edible coatings, 368
edible leathers, 365
elastic modulus, 315, 416
electrical conductivity, 258, 265
electromagnetic radiation, 264
electronic fruit, 332
emissivity, 81
energy, 461

loss, 103
energy costs, 502
engineering properties, 177
ensiling process, 231
enthalpy, 21, 102
environmental conditions, 476, 483
equal pressure channels, 112
enzyme, 363, 368, 371–2
equilibrium moisture content, 21–5, 470
equipment, 109–20, 373–8

air-conditioning, 109, 117–20
cell loader, 120
cooling unit, 118
fans, 109–11
heaters, 117–18
humidifiers, 118
mixing valves, 109
sensors, 109, 120
transport line, 120

ergonomic factors, 264
Ergun equation, 88, 116, 117
ethephon, 365
ethylene, 75, 190, 279, 280, 283, 339, 364
ethylene production rate:, 416
evaporation, 76, 108, 118, 479, 480, 490, 491,
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evaporative cooling, 352
evaporator, 346, 347, 371, 378, 379
expansion valve, 346
expeller, 371, 377
extruder, 377–8
extrusion cookers, 377–8

fan,seeequipment
specific power consumption, 110
working point, 110–11

feedstuff evaluation, 231
fermentation, 369–70, 419, 429, 431, 432,

439, 458
fiberglass insulation, 357
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fig, 372
filter, 374–6
filter beds, 490, 491, 493
filtering, 436
filtration, 478, 479, 484, 487, 488, 510, 511
finite-element method, 82, 105
finning, 426
firmness, 79, 251, 394–7
fixed-bed dryers, 63
flavor, 252
flocculation, 478, 501, 510
floor

channels,seeducts
fully slatted, 112

flotation, 476, 479, 500
flour, 366
flow

characteristic, 113
resistance, 114–17
resistance coefficient, 114–15

flow-along system, 97–9
flow-through system, 97–9
food safety, 244, 252
forced convection, 84
Fourier equation, 81
fractional analysis, 232
freeze-drying, 364
freezing, 281, 362, 363
freezing injury, 394–7
freezing temperature, 416
fresh tuber storage, 189, 190
friction factor, 115
friction losses, 112
frost damage, 122
frozen concentrate, 366
fruit fly, 247, 320, 367
fumigation, 58
fungi, 275
furnace, 461

gamma rays, 264
gap stations, 115
gari, 166, 167
gas chromatographs, 259
gas composition, 74–6
gas exchange, 72
genetic manipulation, 288
geometrical model, 83
glassiness, 123
grade standard, 6–11

grading, grading machines (see alsosorting),
297, 330, 385

grain, 381
grain chiller, 50
grain cleaner, 57
grain deterioration, 60
grain drying, 20
grain handling, 11–20
grain pests, 54–8
grain quality, 1–11, 38
grain storage, 46–58
grain toxins, 5
grains, 1
grape, 369, 419
grape pomace, 478
grapefruit, 381
gum production, 234

hail damage, 394–7
halocarbon, 349
handling, 127, 161
handling damage, 306
harvest index, 161
harvesting, 127, 131, 160, 186, 187, 219, 273,

287, 291
head gases, 265
head yield, 4
heat, 102

balance, 105
capacity, 81, 86, 102, 106
production by potatoes, 103–4, 107
transfer, 80–3, 84, 107
transfer coefficient, 81, 107
transfer in potato stack, 106

heat exchanger, 367, 379
heat load, 351
heat and mass transfer, 84
heat treatment, 363
heater,seeequipment
heating phase, 104
heavy metals, 475
Hertz, 314
high temperature/short time (htst) processing,

367
high-altitude cooling, 353
high-temperature dryer, 37, 62
high-temperature storage, 139
highway vans, 355
history, 92–3
holding period, 103–4
homogenizers, 373
horizontal storage, 48–9
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homogenizing, 435
humidifiers,seeequipment
humidity, 325, 343
humidity ratio, 21
hunter lab, 257
hydrocooling, 280
hydrogen sulphide, 477
hygiene, 244

ice, 352
IITA, 157
illumination, 300
image analysis, 303
impact, 262, 306, 310, 312, 318, 323
impact loading, 314
in-bin counterflow dryer, 36
in-bin dryer control, 37
in-store drying, 33–7
inductive measurements, 259
information transfer, 387
insects, 56–8
insect damage, 394–7
in-store drying, 33
instrumented sphere, 332
insulation, 354

thermal, 99
iodine, 259
iodine affinity, 234
ionic exchange, 479
ionizing radiation, 372
irradiation, 193, 371–2
iso 9000, 243, 266

jackfruit, 368–9
jam, 370
juice contents, 259
juice extractors, 373
juicing, 366
jumble pack, 320

kernal damage, 3
kettles, 378

labor, 389
labor qualification, 512
lagooning, 478, 491, 496
latent damage, 307
latent heat, 81
layer drying, 34
leather, 362
legume, 369, 372
lemons, 381

less-developed countries (ldc’s), 292, 382
lettuce, 367, 368
lighting, 264, 355, 385
listeria, 368
long-term storage, 103
low pressure indenters, 262
low-cost structures, 222
low-temperature drying, 34–5, 60
low-temperature storage, 138
Lye-solution treatment, 362

machine vision, 264
magnetic resonance imaging, 265
maize, 7
management, 387
mango, 362, 364, 365, 369, 370, 372
marine containers, 356
mass transfer, 76, 84, 108
mass transfer coefficient, 78
maturation, 274
maturity, 127, 186, 219, 249, 265, 394–7
mechanically ventilated, 96
mechanical damage, 127, 159
mechanical humidifiers, 344
metabolic activity, 126
methane, 477, 507
microbial contamination, 247
microorganisms, 362, 369, 476, 478, 502, 507
milling, 448
milling quality, 6
minerals, 243
minimal processing, 367–9
minor constituents, 125
mixed-flow dryer, 38, 40–42
mixing valves, 109
mixing room, 118
modeling, 84–7
modified atmosphere (MA), 281, 359
modified atmosphere packages, 288, 367
moisture, 76

balance, 106
conductivity, 80
content, 1, 72, 167, 229, 230, 260
loss, 103, 108, 481

moisture ratio, 45
mold, 5, 55, 56
morphology, 157, 204
must, 423, 431, 441
mycotoxins, 5, 55, 56

natural air drying, 467
natural coffee, 458, 460
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natural convection dryer, 63–5
near-infrared reflectance (NIR), 264
nectars, 367
night cooling, 352
nitrates, 476, 477
non-climacteric, 283
non-destructive testing methods (NDT), 261
nuclear magnetic resonance, 265
nutritional properties, 170, 174, 200, 203
nutritional value, 125, 159, 216, 217, 218, 219
nysius, 247

oil, 366, 370, 371, 372, 376
olive, 446
olive oil, 370, 446
olive-oil processing, 498
onions, 71, 370, 372
oranges, 381
organic fertiliser, 476
organic load, 477, 482, 492, 493, 494, 497,

498, 501, 502, 503, 507, 509, 511
organic matter, 475, 476, 481, 482, 485, 486,

491, 501, 502
osmotic potential, 79
oxygen, 74, 102, 476, 477, 481, 491, 493, 496,

503, 507
ozonation, 478
ozone, 349

packaging, 131, 133, 134, 161, 188, 189, 318,
323, 362, 367, 378, 372, 384

packed bed, 88
packhouse, 221
packing shed, 293
palletization, 305, 329
pallets, 325
palm oil, 370, 371
papaya, 362, 364, 368, 369, 370, 372
paper pulp trays, 320, 321
parallel shear, 400
partial differential equations, 86
particle size distribution, 207
pastes, 365
pathogens, 260, 475, 478
pathological effects, 275
pattern packing, 320
pea tenderometer, 254
peanut, 370
peach, 362, 363, 367
pears, 364, 369
peg tray, 320
penetrometer, 253, 318, 359

permeabilityκ, 88
pests and diseases, 194
pH, 478, 485, 490, 501, 505
phases, 100
phloem, 71
phosphates, 476, 477
physicochemical properties, 170, 174, 201,

203
physiological maturity, 274
pickles, 370
pineapple, 363
pink wine, 419
plant costs, 480, 512
plate heat exchanges, 379
plate shear, 400
pneumatic conveyors, 17–19
poi, 228
poisson’s ratio, 417
poliphenols, 501
polyphenol oxidase, 307, 368
polyvinyl chloride, 135
pomace, 420, 425, 441, 447, 452, 453
porosity, 78, 85

of potato stack, 106
porous media, 87
postharvest decay, 227
postharvest diseases, 143
postharvest handling, 188
postharvest losses, 159, 160, 185, 217, 224,

291, 382
potato, 92–3, 96, 362, 372

baking color index, 122
conservation factors, 95
defects in, 122
density, 106
dormancy, 103, 104
glassiness, 122
heat capacity, 106
heat production, 103–104, 105
history of, 92
internal coloring, 122
main food crop, 92
product groups, 93
production, 93, 94, 95, 107
quality, 97, 105, 121–3
quality loss, 93, 102, 104
storage,seestorage
underwater weight, 123
yield, 94–5

powder burn, 122
precooling, 295
pre-sorting, 297
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pre-treatment operations, 478
precipitation, 478
preharvest factors, 286
prepacks, 136
press, pressing, 424, 426, 375, 376
pressure drop, 471–2
pressure

dynamic, 113, 115
loss, 112
static, 110, 115
static gain, 115

pressure test,seepenetrometer, 359
primary settling tank, 490
processed food, 228
processing equipment, 175
processing into jams, pickles, chutneys and

sauces, 369
protein quality, 217
proximate composition, 179
prunes, 23, 24, 362, 364
psychrometrics, 20
psychrometrics chart, 22
pulping, pulped coffee, 458
pulse technique, 402
punch, 400
purees, 365

Q10-value, 73
quality control, 267, 304
quality factors, 249, 394
quality index, 122
quality loss, 93, 102, 103, 104, 383
quality loss,seepotato quality loss
quality standards, 89–90, 127, 387
quality-assurance, 266
quality-inspection, 121–3
quarantine, 244
quasi static loading, 313
quasi static low-pressure indenters, 262

racking, 444
radiation, 81
rail cars, 355
ram press, 376
rapeseed, 370
reconditioning, 105
recycled sludge ratio, 494
recycling, 490, 493, 496, 499, 511
red wine, 419, 429, 430, 431
refractometer, 258
refrigerant, 345, 349
refrigerated storage, 224, 225, 227

refrigeration, 344, 431, 436
refrigeration load calculations, 351
relative humidity, 21, 79, 416
removal of free water, 101–2
renewable energy source, 234
resistance coefficient, 114–15
resonance, 402, 405
respiration, 71–6, 103

heat, 102–3
rates, 126, 127, 201, 203, 265, 279, 281

retailing, 305
retention time, 491, 493
retorts, 379
reverse osmosis, 479, 480, 509, 510
reversed-direction air-flow drying, 464–6
Reynolds number, 88
rheological properties, 170, 174, 205, 207,

209, 210
rice, 8, 381
rigid containers, 135
ripeness, ripening, 274, 364
rodents, 58
roller press, 376–7
rolling resistance, 176
roof bin-batch dryer, 36
roof cladding, 386
room

mixing, 105, 118
pressure, 105, 113, 118
storage, 105

roots crop quality, 69–90
roots maturity, 160
rotary-drier, 511
round bins, 48
rubbing, 320

safety, 361
salinity, 501
salmonella, 367
sauces, 369–70
scabies, 122
screens, 488, 489
screw conveyor, 14–16
screw press, 377
seed potato, 97
senescence, 278
sensors,seeequipment, 109, 120–21, 344

placing of, 120
sensory attributes, 252
shear, 400
shell-and-tube heat exchangers, 379
shredding, 373
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shriveling, 319
silos, 48
simultaneous heat and mass transfer, 81
singulating, 301, 330
size-reduction units, 373
sizing, 385
skin resistance, 76
slicing, 373
sludge, 476, 478, 479, 480, 490, 491, 493,

494, 496, 497, 503, 504, 505, 507, 508,
510, 511

soaking, 372
soft-sense, 262
solanum, 92
solar, 459
solar drying, 364
solar heat load, 99
soluble solids, 258, 394–7
solvent 366, 371
sonic tomography, 263
sorting and grading, 133, 297, 302
soybeans, 9, 366, 370, 372
soybean oil, 371
sparkling wine, 432
specific energy requirement, 462–3, 465
specific gravity, 417
specific heat, 66–7, 471
specific power consumption, 110
specific volume, 21
sphere, 399
spinach, 362
spray certificates, 295
sprout control, 122
sprout inhibitors, 102–4
sprouting, 104, 126, 143, 190, 191, 192, 222
stabilization, 434
stack porosity, 85
stack resistance, 116
stacking, 136
staff training, 330
stake treatment, 164
standards, 266
starch, 261
starch grains, 175, 228
starch test, 259
static pressure, 26–7, 110
static gain, 115
steam consumption for concentration, 508
sterilizers, 379
stir drying, 34
stirring interval, 64

stolon, 92
storage in bags, 99
storage, 69, 279, 339, 384, 385

behavior, 70
conditions, 102
design, 69, 99, 100, 112
disorders and diseases, 141, 163, 191
environments, 162, 189
equipment,seeequipment
losses, 130, 224
objectives of, 93
of root crops, 69
phases in, 100, 104–5
structures, 144, 165, 195
systems, 96

storage building, 353
storage of fresh fruits and vegetables, 406
storage molds, 55
storage temperature, 383, 416
storage in crates, 113
strain, 404
strawberry, 372
stress, 405
stress cracks, 4
stripping, 479
suberization, 102
sugars, reducing, 123
sulphates, 476, 477
sulphur dioxide, 485
sun drying, 32–3, 60–2, 459–60
sunburn, 394–7
sunflower seed, 370
sweet potato, 71
sweetening, 105
swelling capacity, 178
swelling power, 207, 208
syrup production, 234
system curve, 27

tangerine, 381
tare, 122
taste panel, 249, 266
tea, 381
temperature, 73–4, 339, 383, 476, 481, 487,

488, 491, 504, 510
temperature sensors, 120
tempering, 37, 42
tenderness, 394–7
terace filling, 120
tertiary treatment, 480
test weight, 2
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texture, 76, 247, 248, 394–7
texture analysers, 254, 262
thermal conductivity, 66, 67, 81, 82
thermal diffusivity, 67
thermal insulation, 99
thermophysical properties, 151, 170, 174,

205
thin-layer drying equation, 33, 67, 470
tobacco, 381
tomato, 364, 365, 370, 372
torsion, 400
torsion pendulum, 401
total quality management, 268
toxic and indigestible substances - removal,

372
toxins, 246
transient loading, 402
transition temperature, 206
transmittance, 264
transpiration, 76–8
transport line, 120
transportation, 293, 305, 320, 323
trench silo, 230
tropical fruits, 368
tuber, 71, 92
tuber dormancy, 191
tuber geometry, 176
tuber yield, 188
turgor, 331, 394–7
turgor potential, 79
twist tester, 255

U-value, 99
ultrafiltration, 479, 509
underground storage, 353
underground structures, 197
underwater weight,seepotato
unit operations, 169, 373–8
urethane foam, 357

vacuum cooling, 280
vapor

barrier, 99, 357
pressure-deficit, 101

vascular streaking, 163
ventilated

storage, 224
stores, 146, 384

ventilation
efficiency ratio, 110
horizontal, 96
mechanical, 96
natural, 96, 111
rate, required, 110
vertical, 96
wall, 113

vertical storage, 47
viability, 4
vibrational characteristics of fruits and

vegetables, 263
vibrations, 324
vinegar, 369, 370
viscosity, 208, 210
vitamins, 243, 382
volume reduction, 471

Warner Bratzler tester, 256
washing, 296
washed coffee, 458
waste, 381, 475, 476, 477, 478, 479, 482, 503,

504, 507
waste-disposal, 385
wastewater, 247
water dump, 296
water loss, 76–80, 126
water saving, 487
waxing, 296
weight loss, 159, 185, 190, 203, 205, 311
well water, 352
wet-coil heat exchanger, 344
wet-bulb temperature, 21
wheat, 10, 381
white wine, 419, 430, 431
windrowing, 133
wine, 381, 419
wine tanks, 443
wounding, 73
wound healing, 102
wrapping, 319

x-rays, 264
xylem, 71

yam barn, 196
yam flake, 200
yeast, 430
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