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Abstract

Gross, Kenneth C., Chien Yi Wang, and Mikal
Saltveit, eds. 2016. The Commercial Storage of
Fruits, Vegetables, and Florist and Nursery Stocks.
Agriculture Handbook 66, U.S. Department

of Agriculture, Agricultural Research Service,
Washington, DC.

Agriculture Handbook 66 (AH-66) represents
a complete revision and major expansion of
the 1986 edition. It has been reorganized and
now includes 17 Chapters and 138 Commaodity
Summaries written by nearly a hundred experts
in plant science and postharvest technology.
This version, like the previous editions of AH-
66 in 1954, 1968, 1977, and 1986, presents
summaries of current storage requirements

of fresh fruits, vegetables, cut flowers, and
other horticultural crops. However, this highly
expanded version also includes information on
quality characteristics, maturity indices, grading,
packaging, precooling, retail display, chilling
sensitivity, ethylene production and sensitivity,
respiration rates, physiological disorders,
postharvest pathology, quarantine issues, and
suitability as fresh-cut product. A large number
of fruits and vegetables were added, as well

as sections on food safety, nutritional quality,
texture, and fresh-cut produce. The purpose of
storing plant material is to lengthen the time it
can be consumed or utilized. In doing so, it is
critical to provide an environment that minimizes
deterioration, maintains microbial safety, and
retains other quality attributes. AH-66 provides
guidelines and other important information for
storing and handling horticultural commodities
to accomplish this.

Keywords: carbon dioxide, chilling injury,

cold storage, controlled atmosphere storage,

cut flowers, ethylene, flavor, food safety,
fresh-cut, fresh produce, fruit softening, heat
load, 1-methylcyclopropene, microbial safety,
minimally processed, modified-atmosphere
packaging, potted plants, nutritional quality, nuts,
orchids, packaging film, perishable, postharvest
biology, precooling, respiration, sensory
evaluation, shelf-life, texture.
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The information contained in AH-66 has been
assembled from material prepared by nearly a
hundred authors from around the world. All of the
information contained herein was peer reviewed
and edited for scientific content. Every effort was
made to provide the most accurate and current
information available.

The contributors’ professional affiliations

and addresses were up-to-date at the time of
submission of their chapters, and the editors
made all reasonable efforts to update any changes
received during the review and publishing process.
However, due to the large number of contributors
and countries represented, it is not inconceivable
that some of the contributors may have changed
organizations in the interim and thus are no
longer at the addresses given in this handbook. In
cases where the editors received specific address
changes or death notices, all such updates are
reflected in this volume.

Mention of trade names or commercial products
in this report is solely for the purpose of pro-
viding specific information and does not imply
recommendation or endorsement by the U.S.
Department of Agriculture.

This publication reports experimental results
and other information involving pesticides. It
does not contain recommendations for their use
nor does it imply that uses discussed here have
been registered. All uses of pesticides must be
registered by appropriate State and/or Federal
agencies before they can be recommended.

While supplies last, printed copies of this
publication may be obtained at no cost from the
USDA-ARS Food Quality Laboratory, Building
002, Room 117, 10300 Baltimore Avenue,
Beltsville, MD 20705-2350.

Copies of this publication may be purchased

in various formats (microfiche, photocopy,

CD, and print on demand) from the National
Technical Information Service, 5285 Port Royal
Road, Springfield, VA 22161, (800) 553-6847,
http//:www.ntis.gov.



This publication in its entirety is freely accessible
on the Internet at http://www.ars.usda.gov/is/np/
indexpubs.
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The Agricultural Research Service conducts
research to develop and transfer solutions to
agricultural problems of high national priority
and provides information access and dissemi-
nation to—ensure high-quality, safe food and other
agricultural products; assess the nutritional needs
of Americans; sustain a competitive agricultural
economy; enhance the natural resource base

and the environment; and provide economic
opportunities for rural citizens, communities, and
society as a whole.
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prohibits discrimination in all its programs and
activities on the basis of race, color, national
origin, age, disability, and where applicable, sex,
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religion, sexual orientation, genetic information,
political beliefs, reprisal, or because all or part
of an individual’s income is derived from any
public assistance program. (Not all prohibited
bases apply to all programs.) Persons with
disabilities who require alternative means for
communication of program information (Braille,
large print, audiotape, etc.) should contact USDA’s
TARGET Center at (202) 720-2600 (voice and
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write to USDA, Director, Office of Civil Rights,
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Introduction

This latest edition of Agriculture Handbook

66 (AH-66) represents a complete revision of

the 1986 edition. It has been reorganized and

now includes 17 chapters and 138 commodity
summaries written by nearly a hundred experts

in plant biology and postharvest technology. This
version—Iike the previous editions of AH-66 in
1954, 1968, 1977, and 1986—presents summaries
of current storage requirements of fresh fruits,
vegetables, cut flowers, and other horticultural
crops. However, this highly improved and
expanded version also includes information on
quality characteristics, maturity indices, grading,
packaging, precooling, retail display, chilling
sensitivity, ethylene production and sensitivity,
respiration rates, physiological disorders,
postharvest pathology, quarantine issues, and
suitability as fresh-cut product. In addition, a large
number of fruits and vegetables were added, as
well as sections on food safety, nutritional quality,
texture, and fresh-cut produce.

The purpose of storing plant material is to
lengthen the time it can be stored and marketed
prior to consumption or other use. In doing so, it is
critical to provide an environment that minimizes
deterioration and maintains microbial safety and
quality. The primary intent of AH-66 is to provide
guidelines for optimal handling and storage of
produce in order to accomplish this.

AH-66 is intended as a general reference, and
the recommendations should not be considered
absolute, but rather as safe limits at which
products can ordinarily be handled and stored. A
draft version of the data presented in this volume
is available at http://www.ba.ars.usda.gov/hb66.
Updates to the online data will be made as they
become available, and users are encouraged to
periodically check for any new information.

Each contribution in this volume was peer
reviewed by at least one individual knowledgeable
in that particular area or commodity, as well as
two editors. This review process helped to ensure
that the information in this edition of AH-66 is

as accurate and current as possible. The editors

would like to express their sincere appreciation
to all of the contributors and to the reviewers,
who are listed in the Acknowledgments.

The original edition of AH-66, published in
1954, was written by R.C. Wright, D.H. Rose,
and T.M. Whiteman, all from USDA Agricultural
Research Service (ARS). Then, in 1968, the
handbook was revised by J.M. Lutz and R.E.
Hardenburg, also from USDA-ARS. A major
revision by R.E. Hardenburg, A.E. Watada, and
C.Y. Wang, at USDA-ARS Horticultural Crops
Quality Laboratory (now Food Quality Lab-
oratory) in Beltsville, MD, was published in
1986. In 1990, 10,000 copies of the 1986 edition
were reprinted, of which few remain today. The
volume has also been translated into several
languages. It was clearly time for an extensive
revision, both to bring the content up to date and
to increase its availability.

Most temperatures are given in both °C and °F.
Nevertheless, a “Temperature Conversion Chart”
is included in this volume. Though temperatures
are sometimes expressed to the first decimal place
due to conversion, this does not mean that this
level of accuracy is recommended, necessary, or
possible in a commercial situation. Generally,
storage temperatures can only be expected

to be maintained within +1 °C. Also, see the
“Metric Conversion Chart” for some common
metric conversions. Respiration and ethylene
production rates for many fruits and vegetables
are also summarized in the sections “Respiration”
and “Ethylene Effects.” A*Commaodity Cross-
Reference” index has been included to aid in
finding the commodity summary for produce
called by various names in different cultures

and geographical locations.

“In this work, when it shall be found that much is
omitted,let it not be forgotten that much likewise is
performed.”

Dr. Samuel Johnson,

English lexicographer and essayist, 1775



Temperature Conversion Chart

°C = 5/9 (°F - 32)
°F = (9/5 x °C) + 32

°C °F °C °F

-2 28.4 23 73.4
-1 30.2 24 75.2
0 32.0 25 77.0
1 33.8 26 78.8
2 35.6 27 80.6
3 37.4 28 82.4
4 39.2 29 84.2
5 41.0 30 86.0
6 42.8 31 87.8
7 44.6 32 89.6
8 46.4 33 914
9 48.2 34 93.2
10 50.0 35 95.0
11 51.8 36 96.8
12 53.6 37 98.6
13 554 38 100.4
14 57.2 39 102.2
15 59.0 40 104.4
16 60.8 45 113.0
17 62.6 50 122.0
18 64.4 55 131.0
19 66.2 60 140.0
20 68.0 65 149.0
21 69.8 70 158.0
22 71.6 75 167.0



Metric Conversion Chart

Mass

1.0 avoirdupois pound (Ib) = 0.454 kilogram (kg) = 454 grams (Q)

1.0 kilogram (kg) = 2.2 pounds (Ib) = 35.2 avoirdupois ounces (0z) = 32.15 troy ounces

1.0 avoirdupois ounce (0z) = 0.9115 troy ounce = 0.0284 kilogram (kg) = 28.4 grams (Q)

1 short ton (T) = 2,000 pounds (Ib) = 907.2 kilograms (kg) = 0.893 long ton = 0.907 metric tonne

Length

1inch (in) = 2.54 centimeters (cm)

1 centimeter (cm) = 0.394 inch (in)

1 foot (ft) = 30.48 centimeters (cm)

1 yard (yd) = 91.44 centimeters (cm) or 0.9144 meter (m)
1 meter (m) = 3.28 feet (ft) = 1.0936 yards (yd)

1 mile (mi) = 1.61 kilometers (km)

1 kilometer (km) = 0.621 mile (mi)

\olume

1 quart (qt) = 0.946 liter (L)

1 liter (L) = 1.057 quarts (qt)

1 cup (c) = 0.24 liter (L)

1 pint (pt) = 0.47 liter (L)

1 quart (qt) = 0.95 liter (L)

1 U.S. bushel (bu) = 35.24 liters (L)
1 liter (L) = 0.2838 bushel (bu)

1 U.S. gallon (gal) = 3.785 liters (L)
1 liter (L) = 0.2642 gallon (gal)

1 cubic foot (ft®) = 28.32 liters (L)

1 cubic yard (yd®) = 0.76 cubic meter (m?®)
1 liter (L) = 61.02 cubic inches (in3)

Area

1 acre = 0.4047 hectare

1 hectare = 2.47 acres

1 square meter (m?) = 1550 square inches (in?) = 1.196 square yards (yd?) = 10.76 square feet (ft?)
1 square inch (in?) = 6.45 square centimeters (cm?)

1 square foot (ft?) = 0.0929 square meter (m?)

Energy/Work
1 joule (J) = 0.00094 British thermal units (BTU) = 1 watt per second (W s?)
1 British thermal unit (BTU) = 1,055 joules (J) = 0.252 kilocalorie (kcal)



Commodity Cross-Reference

To find...
Abogado
Alligator pear
Alfalfa sprouts
Anon

Apple cactus
Apple pear (misleading)
Aracé boi
Avocat

Basil

Bean sprouts
Beets

Belgian endive
Bell pepper
Bhendi

Bhindi
Boy-toyo
Cactus fruit
Cactus pad
Cactus pear
Caimito
Calabaza
Calabrese
Canary melon
Cantelope
Casaba melon
Cassave

Cay mang cut
Chervil

Chico mamey
Chico zapote
Chiku

Chile pepper
Chinese apple
Chinese chard
Chinese chive
Chinese date plum
Chinese long bean
Chinese okra
Chinese pear
Chive

Ciku
Claytonia
Cocoyam
Collards
Coriander
Corn salad

4

See...

Avocado
Avocado

Sprouts
Sapodilla

Dragon fruit
Asian pear
Arazi

Avocado

Annual culinary herbs
Sprouts

Beet

Chicory

Pepper

Okra

Okra

Bok choy

Prickly pear
Nopalitos

Prickly pear
Sapodilla
Pumpkin
Broccoli
Honeydew melon
Netted melon
Honeydew melon
Cassava
Mangosteen
Annual culinary herbs
Sapodilla
Sapodilla
Sapodilla

Pepper
Pomegranate
Bok choy
Perennial culinary herbs
Persimmon

Bean

Luffa

Asian pear

Perennial culinary herbs
Sapodilla

Salad greens

Taro

Greens for cooking
Annual culinary herbs
Salad greens

To find...
Crenshaw melon
Custard apple
Daikon
Dandelion
Dasheen

Date Plum

Dill

Dilly

Duku

Dulian

Duren

Duyin

Eddoe
Elderberry
Escarole

Field salad
Filbert

Fire dragon fruit
Flat bean
French bean
French sorrel
Garden sorrel
Gooseberry
Globe artichoke
Collard greens
Gombo

Green bean
Green cabbage
Green onion
Grosse sapote
Groundnut
Gumbo
Hamburg parsley
Husk tomato
Japanese pear
Java plum

Kadu

Kale

Kang kong
Kong xin cai

La pitahaya rouge
Lady’s finger
Lamb’s lettuce
Langsat

Lanson

Lychee

Long bean
Lucuma

See...

Honeydew melon
Avocado

Radish

Salad greens

Taro

Persimmon
Annual culinary herbs
Sapodilla
Longkong

Durian

Durian

Durian

Taro

Currant

Endive and Escarole
Salad greens
Hazelnut

Dragon fruit

Bean

Bean

Salad greens
Salad greens
Currant

Artichoke

Greens for Cooking
Okra

Bean

Cabbage

Onion

Sapodilla

Peanut

Okra

Parsley

Tomatillo

Asian pear

Wax apple

Durian

Greens for cooking
Water convolvulus
Water convolvulus
Dragon fruit

Okra

Salad greens
Longkong
Longkong
Litchi

Bean
Sapodilla



To find...
Malanga

Malay apple
Mamey
Mandioca
Manggistan
Mangis
Mangkhut
Mangostan
Mangostanier
Mangostao
Manggustan
Manioc
Marjoram
Marmalade fruit
Matai

Melon, Honeydew melon
Melon, Netted
Mesetor
Miner’s lettuce
Mongkhut
Mung bean sprouts
Muskmelon
Mustard cabbage
Mustard greens
Nachi

Nasberry
Néspero
Noplaes
Oregano
Oriental pear
Oxheart cabbage
Oyster plant
Pak-choy

Pake boong
Pak-tsoi

Palta

Paprika
Peppermint
Pichi

Pitahaya

Pitaya roja

Pod bean

Quaio
Quingumbo
Rape

Red beet

Rian

Rocket salad

See...

Taro

Wax apple
Sapodilla

Cassava
Mangosteen
Mangosteen
Mangosteen
Mangosteen
Mangosteen
Mangosteen
Mangosteen
Cassava

Perennial culinary herbs
Sapodilla
Waterchestnut
Honeydew melon
Netted melon
Mangosteen

Salad greens
Mangosteen
Sprouts

Netted melon

Bok choy

Greens for cooking
Asian pear
Sapodilla
Sapodilla
Nopalitos
Perennial culinary herbs
Asian pear
Cabbage

Salsify

Bok choy

Water convolvulvus
Bok choy
Avocado

Pepper

Perennial culinary herbs
Araza

Dragon fruit
Dragon fruit

Bean

Okra

Okra

Greens for cooking
Beet

Durian

Salad greens

To find...
Roquette

Rose apple
Rose water apple
Rosemary
Round sorrel
Rucola

Rugula

Runner bean
Rupina caspi
Sage

Salad chervil
Salad pear
Sand apple
Sapota

Sapote
Saurieng
Savory

Savoy cabbage
Sementah
Semetah

Sha Li pear
Shalea pear
Shallot

Snap bean
Sororia

Sorrel
Spearmint
Spinach
Sponge gourd
Spring onion
Sprouting broccoli
Star apple

Star fruit
Stinkvrucht
Stinky rose
Strawberry pear
String bean
Sugar pea
Summer savory
Summer squash
Sunchokes
Swedes
Swedish turnips
Sweetsop
Sweet cherry
Sweet pepper
Table beet
Taisali

See...

Salad greens

Wax apple

Wax apple

Perennial culinary herbs
Salad greens

Salad greens

Salad greens

Bean

Araza

Perennial culinary herbs
Annual culinary herbs
Asian pear

Asian pear

Sapodilla

Sapodilla

Durian

Annual culinary herbs
Cabbage

Mangosteen
Mangosteen

Asian pear

Asian pear

Onion

Bean

Araza

Salad greens
Perennial culinary herbs
Greens for cooking
Luffa

Onion

Broccoli

Sapodilla

Carambola

Durian

Garlic

Dragon fruit

Bean

Pea

Annual culinary herbs
Squash

Jerusalem artichoke
Rutabaga

Rutabaga

Sapodilla

Cherry, sweet

Pepper

Beet

Bok choy



To find...
Tamarindo
Tangerine
Tannier

Tarragon

Thang loy
Thureen

Thurian

Thyme

Tree tomato
Turnip-rooted cabbage
Turnip greens
\egetable oyster
Water cabbage
White celery mustard
White sapote
Whitloof

Winter purslane
Winter spinach
Yard-long bean
Yellow pitaya
Yellow wax bean
Yuca

Zapote

Zucchini

See...

Tamarind

Mandarin and Tangerine
Taro

Perennial culinary herbs
Dragon fruit

Durian

Durian

Perennial culinary herbs
Tamarillo

Kohlrabi or Rutabaga
Greens for cooking
Salsify

Water convolvulvus
Bok choy

Sapodilla

Chicory

Salad greens

Water convolvulvus
Bean

Dragon fruit

Bean

Cassava

Sapodilla

Squash



Respiration and Ethylene Production Rates

The values in table 1 are approximations or the average rates of a range; see individual sections on each
commodity for more specific information and references. Values in parentheses after ethylene rates are the
temperatures at which ethylene production was measured. For respiration data, to get mL kg™ h, divide
the mg kg h't rate by 2.0 at 0 °C (32 °F), 1.9 at 10 °C (50 °F), and 1.8 at 20 °C (68 °F). To calculate heat
production, multiply mg kg* h by 220 to get BTU ton* day™ or by 61 to get kcal tonne day.

Table 1. Rates of respiration and ethylene production

Respiration
Commodity C,H, Production
0°C 5°C 10°C 15°C 20°C 25°C
mg kgt ht uL kgt ht

Apple

Fall 3 6 9 15 20 nd! varies greatly

Summer 5 8 17 25 31 nd varies greatly
Apricot 6 nd 16 nd 40 nd <0.1 (0°C)
Araza (ripe) nd nd 601 nd 1283 nd nd
Artichoke 30 43 71 110 193 nd <0.1
Asian Pear 5 nd nd nd 25 nd varies greatly
Asparagus? 60 105 215 235 270 nd 2.6 (20 °C)
Atemoya nd nd 119 168 250 nd 200 (20 °C)
Avocado nd 35 105 nd 190 nd >100 (ripe; 20 °C)
Banana (ripe) nd nd 80 1403 280 nd 5.0 (15 °C)
Basil 36 nd 71 nd 167 nd very low’
Beans

Snap 20 34 58 92 130 nd <0.05 (5 °C)

Long 40 46 92 202 220 nd <0.05 (5 °C)
Beets 5 11 18 31 60 nd <0.1(0°C)
Blackberry 19 36 62 75 115 nd varies; 0.1t0 2.0
Blueberry 6 11 29 48 70 101 varies; 0.5 to 10.0
Bok Choy 6 11 20 39 56 nd <0.2
Breadfruit nd nd nd 329 nd 480 1.2
Broccoli 21 34 81 170 300 nd <0.1 (20 °C)
Brussels sprouts 40 70 147 200 276 nd <0.25 (7.5 °C)
Cabbage 5 11 18 28 42 62 <1.1(20°C)
Carambola nd 15 22 27 65 nd <3.0 (20 °C)
Carrot (topped) 15 20 31 40 25 nd <0.1 (20 °C)
Cassava nd nd nd nd nd 40 1.7 (25 °C)
Cauliflower 17 21 34 46 79 92 <1.0 (20 °C)
Celeriac 7 13 23 35 45 nd <0.1 (20 °C)
Celery 15 20 31 40 71 nd <0.1 (20 °C)
Cherimoya nd nd 119 182 300 nd 200 (20 °C)
Cherry, Sweet 8 22 28 46 65 nd <0.1 (0 °C)
Chervil 12 nd 80 nd 170 nd very low



Table 1. Rates of respiration and ethylene production—Continued

Respiration
Commodity C,H, Production
0°C 5°C 10°C 15°C 20°C 25°C
mg kgt ht uL kgt ht

Chicory 3 6 13 21 37 nd <0.1 (0 °C)
Chinese Cabbage 10 12 18 26 39 nd <0.1 (20 °C)
Chinese Chive 54 nd 99 nd 432 nd very low
Chive 22 nd 110 nd 540 nd very low
Coconut nd nd nd nd nd 50 very low
Coriander 22 30 nd nd nd nd very low
Cranberry 4 5 8 nd 16 nd 0.6 (5°C)
Cucumber nd nd 26 29 31 37 0.6 (20 °C)
Currant, Black 16 28 42 96 142 nd nd
Dill 22 nd 103 324 nd nd <0.1 (20 °C)
Dragon Fruit nd nd nd nd 105 nd <0.1
Durian nd nd nd nd 265* nd 40 (ripe)
Eggplant

American nd nd nd 69° nd nd 0.4 (12.5°C)

Japanese nd nd nd 131° nd nd 0.4 (12.5°C)

White egg nd nd nd 113° nd nd 0.4 (12.5°C)
Endive/Escarole 45 52 73 100 133 200 very low
Fennel 19¢ nd nd nd 32 nd 4.3 (20 °C)
Fig 6 13 21 nd 50 nd 0.6 (0°C)
Garlic

Bulbs 8 16 24 22 20 nd very low

Fresh peeled 24 35 85 nd nd nd very low
Ginger nd nd nd nd 6° nd very low
Ginseng 6 nd 15 33 nd 95 very low
Gooseberry 7 12 23 52 81 nd nd
Grape, American 3 5 8 16 33 39 <0.1 (20 °C)
Grape, Muscadine  10° 13 nd nd 51 nd <0.1 (20 °C)
Grape, Table 3 7 13 nd 27 nd <0.1 (20 °C)
Grapefruit nd nd nd <10 nd nd <0.1 (20 °C)
Guava nd nd 34 nd 74 nd 10 (20 °C)
Honeydew Melon  nd 8 14 24 30 33 very low
Horseradish 8 14 25 32 40 nd <1.0
Jerusalem Artichoke 10 12 19 50 nd nd nd
Jicama 6 11 14 nd 6 nd very low
Kiwifruit (ripe) 3 6 12 nd 19 nd 75
Kohlrabi 10 16 31 46 nd nd <0.1 (20 °C)
Leek 15 25 60 96 110 115 <0.1
Lemon nd nd 11 19 24 nd <0.1 (20 °C)
Lettuce

Head 12 17 31 39 56 82 very low

Leaf 23 30 39 63 101 147 very low



Table 1. Rates of respiration and ethylene production—Continued

Respiration
Commodity C,H, Production
0°C 5°C 10°C 15°C 20°C 25°C
mg kgt ht pL kgt ht

Lime nd nd ,10 nd nd nd <0.1 (20 °C)
Litchi nd 13 24 nd 60 102 very low
Longan nd 7 21 nd 42 nd very low
Longkong nd nd 458 nd nd nd 4.0
Loquat 11° 12 31 nd 80 nd very low
Luffa 14 27 36 63 79 nd <0.1 (20 °C)
Mamey Apple nd nd nd nd nd 35 400.0 (27 °C)
Mandarin (Tangerine) nd 6 8 16 25 nd <0.1 (20 °C)
Mango nd 16 35 58 113 nd 1.5 (20 °C)
Mangosteen nd nd nd nd nd 21 0.03
Marjoram 28 nd 68 nd nd nd very low
Mint 20 nd 76 nd 252 nd very low
Mushroom 35 70 97 nd 264 nd <0.1 (20 °C)
Nectarine (ripe) 5 nd 20 nd 87 nd 5.0 (0°C)
Netted Melon 6 10 15 37 55 67 55.0
Nopalitos nd 18 40 56 74 nd very low
Okra 21° 40 91 146 261 345 0.5
Olive nd 15 28 nd 60 nd <0.5 (20 °C)
Onion 3 5 7 7 8 nd <0.1 (20 °C)
Orange 4 6 8 18 28 nd <0.1 (20 °C)
Oregano 22 nd 101 nd 176 nd very low
Papaya (ripe) nd 5 nd 19 80 nd 8.0
Parsley 30 60 114 150 199 274 very low
Parsnip 12 13 22 37 nd nd <0.1 (20 °C)
Passion Fruit nd 44 59 141 262 nd 280.0 (20 °C)
Pea

Garden 38 64 86 175 271 313 <0.1 (20 °C)

Edible Pod 39 64 89 176 273 nd <0.1 (20 °C)
Peach (ripe) 5 nd 20 nd 87 nd 5.0 (0°C)
Pepper nd 7 12 27 34 nd <0.2 (20 °C)
Persimmon 6 nd nd nd 22 nd <0.5 (20 °C)
Pineapple nd 2 6 13 24 nd <1.0 (20 °C)
Plum (ripe) 3 nd 10 nd 20 nd <5.0 (0 °C)
Pomegranate nd 6 12 nd 24 nd <0.1 (10 °C)
Potato (cured) nd 12 16 17 22 nd <0.1 (20 °C)
Prickly Pear nd nd nd nd 32 nd 0.2 (20 °C)
Radicchio 8 13w© 234 nd nd 45 0.3 (6 °C)
Radish

Topped 16 20 34 74 130 172 very low

Bunched with tops 6 10 16 32 51 75 very low
Rambutan (mature) nd nd nd nd nd 70 very low



Table 1. Rates of respiration and ethylene production—Continued

Respiration
Commodity C,H, Production
0°C 5°C 10°C 15°C 20°C 25°C
mg kgt ht uL kgt ht

Raspberry 176 23 35 42 125 nd <12.0 (20 °C)
Rhubarb 11 15 25 40 49 nd nd
Rutabaga 5 10 14 26 37 nd <0.1 (20 °C)
Sage 36 nd 103 nd 157 nd very low
Salad Greens

Rocket Salad 42 113 nd nd nd nd very low

Lamb’s Lettuce 12 67* 81 nd 139 nd very low
Salsify 25 43 49 nd 193 nd very low
Sapodilla nd nd nd nd nd 16 3.7 (20 °C)
Sapote nd nd nd nd nd nd >100 (20 °C)
Southern Pea

Whole Pods 245 25 nd nd 148 nd nd

Shelled Peas 295 nd nd nd 126 nd nd
Spinach 21 45 110 179 230 nd very low
Sprouts (mung bean) 23 42 96 nd nd nd <0.1 (10 °C)
Squash, Summer 25 32 67 153 164 nd <1.0 (20 °C)
Squash, Winter nd nd 99° nd nd nd very low
Star Apple nd nd nd nd 38 nd 0.1 (20 °C)
Strawberry 16 nd 75 nd 150 nd <0.1 (20 °C)
Sweet Corn 41 63 105 159 261 359 very low
Swiss Chard 19¢ nd nd nd 29 nd 0.14 (20 °C)
Tamarillo nd nd nd nd 27 nd <0.1
Tarragon 40 nd 99 nd 234 nd very low
Thyme 38 nd 82 nd 203 nd very low
Tomatillo

(mature green)  nd 13 16 nd 32 nd 10.0 (20 °C)
Tomato nd nd 15 22 35 43 10.0 (20 °C)
Truffles 28 35 45 nd nd nd very low
Turnip 8 10 16 23 25 nd very low
Waterchestnut 10 25 42 79 114 nd nd
Water Convolvulus  nd nd nd nd nd 100 <2.0
Watercress 22 50 110 175 322 377 <1.0 (20 °C)
Watermelon nd 4 8 nd 21 nd <1.0 (20 °C)
Wax Apple nd nd 5 nd 10 nd very little

! nd = Not determined.
21 day after harvest.

*At 13 °C.
*At 22 °C.
>At125 °C.
®At2°C.
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" Although not accurately measured, “very
low” is considered to be <0.05 puL kg* h.

8At9°C.

°At1°C.

WAtL6 °C.

LAL7.5-°C.



Precooling and Storage Facilities

James F. Thompson

Thompson is with the Department of Biological &
Agricultural Engineering, University of California,
Davis, CA. He is now retired.

In-Field Temperature Management

Temperature management of perishable
commaodities begins with proper handling at
harvest. Generally, produce should be harvested
in the morning so that it will be at the coolest
possible temperature during the delay between
harvest and initial cooling. Exceptions to this
recommendation are produce, such as some

citrus fruit, that are damaged if they are handled
when they are turgid in the morning (Eckert and
Eaks 1989), or situations in which the produce is
harvested in the late afternoon so that it can be
transported to a local market during the cool night
hours. Produce should be shaded to protect it from
solar heat gain. Reduce the time between picking
and initial cooling; this is particularly critical
because fruits and vegetables transpire and respire
at high rates at field temperatures (Maxie et al.
1959, Harvey and Harris 1986, d’Sousa and Ingle
1989, Robbins and Moore 1992).

Initial Cooling Methods

Produce is usually cooled to its long-term storage
temperature in special facilities designed to
rapidly remove produce heat.

Forced-air cooling is the most widely adaptable
method and is commonly used for many fruits,
fruit-type vegetables, and cut flowers (Parsons et
al. 1970, 1972, Rij et al. 1979, Baird et al. 1988,
Thompson et al. 1998).

Hydrocooling uses water as the cooling medium
and is less widely used than forced-air cooling
because some products do not tolerate water
contact and because it requires the use of water-
resistant packaging. It is commonly used for root-,

stem-, and flower-type vegetables; melons; and
some tree fruits (Pentzer et al. 1936, Toussaint
1955, Stewart and Lipton 1960, Bennett 1963,
Perry and Perkins 1968, Mitchell 1971).

Vacuum- and water spray vacuum-cooling

are usually reserved for crops, such as leafy
vegetables, that release water vapor rapidly,
allowing them to be quickly cooled (Barger 1963,
Harvey 1963).

Package icing uses crushed ice to cool and
maintain product temperature and is used for

a very few commodities, mainly those whose
purchasers have a strong traditional demand for
this method. It is still common for broccoli.

Room cooling is accomplished by placing warm
produce in a refrigerated room. Cooling times are
at least 24 h and can be much longer if produce is
not packaged correctly or if no provision is made
to allow airflow past boxes. It is used for a few
commodities, such as citrus and CA-stored apples,
which can have acceptable, though not optimal,
quality without use of rapid cooling.

Transport cooling in refrigerated ships and
containers is used for products, such as bananas,
in areas with no cooling infrastructure. Highway
trailers have insufficient airflow to cool produce
and should never be depended on for initial
cooling.

Table 1 is a summary comparison of the six initial
cooling methods.
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Forced-Air Cooling

Refrigerated air is used as the cooling medium
with this system. It is forced through produce
packed in boxes or pallet bins. A number of
airflow systems are used, but the tunnel cooler is
the most common (Thompson et al. 1998). Two
rows of packages, bins, or palletized product are
placed on either side of an air-return channel. A
tarp is placed over the product and the channel,
and a fan removes air from the channel, drawing
air through the product. The product is cooled

in batches. Cooling times range from 1 h for cut
flowers to more than 6 h for larger fruit, packed in
airflow-restricting materials such as bags or paper
wraps.

The cold-wall system is adapted to cooling
smaller quantities of produce (Thompson et al.
1998). Individual pallets or cartloads of packages
are placed against a plenum wall. Usually the
plenum has a slightly lower air pressure than

the room, and air is pulled through the product.
Some coolers, particularly for cut flowers, use a
pressurized plenum and air is pushed through the
product. Cold-wall systems do not use floor space
as efficiently as tunnel coolers and require more
management because each pallet is

cooled individually.

The serpentine air system is designed for cooling
produce in pallet bins (Thompson et al. 1998).
Stacks of even numbers of bins are placed against
a negative pressure plenum wall. Bottom openings
for forklift tines are used for air supply and air
return channels. Air flows vertically up or down
through the product. The forklift openings are
limited in dimension, which restricts airflow

and causes slow cooling. This system is used for
partially cooling product that will be packaged
later and finish-cooled after packing and for
cooling product in long-term storage. The system
uses cold room volume very efficiently.

Cooling time in forced-air coolers is controlled
by volumetric airflow rate and product diameter
(Flockens and Meffert 1972, Gan and Woods
1989). Coolers often operate with 1 L kg* sec?
of produce, with a typical range of 0.5t0 2.0 L

kg™ sec? (1 L kg* sec? equals approximately

1 CFM Ib1). At 1 L kg™ sec?, grapes with a

small minimum diameter will cool in about 2 h,
while cantaloupes with a much larger diameter
require more than 5 h. Boxes should have about
5% sidewall vent area to accommodate airflow
without excessive pressure drop across the box
(Wang and Tupin 1968, Mitchell et al. 1971).
Internal packaging materials should be selected to
restrict airflow as little as possible.

Forced-air cooling causes some moisture loss.
Loss may not be detectable for produce items
with a low transpiration coefficient, like citrus
fruits, or it may equal several percent of initial
weight for produce with a high transpiration
coefficient (Sastry and Baird 1978). Moisture loss
is linearly related to difference between initial and
final product temperatures. High initial produce
temperatures cause higher moisture loss than
lower temperatures when cooling starts. Moisture
loss can be reduced at the expense of longer
cooling times by wrapping product in plastic or
packing it in bags.

Details of fan selection, air plenum design,
refrigeration sizing, product cooling times, and
operational guidelines can be found in Thompson
et al. (1998). Forced-air coolers are the least
energy efficient type of cooler but are widely
used because they are adaptable to a wide range
of products and packaging systems (Thompson
et al. 2002). Small units can be installed in many
existing cold storage facilities.

Hydrocooling

Cooling is accomplished with this technique

by moving cold water around produce with a
shower system or by immersing produce directly
in cold water. Shower coolers distribute water
using a perforated metal pan that is flooded with
cold water from the refrigeration evaporator
(Thompson et al. 1998). Shower-type coolers can
be built with a moving conveyor for continuous
flow operation, or they can be operated in a batch
mode. Immersion coolers are suited for produce
that sinks in water (Thompson et al. 1998). They
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usually cool more slowly than shower coolers
because water flows at slower rates past the
product.

Water is a better heat-transfer medium than air,
and consequently hydrocoolers cool produce much
faster than forced-air coolers. In well designed
shower coolers, small diameter produce, like
cherries, cools in less than 10 min. Large diameter
products like melons cool in 45 to 60 min (Stewart
and Lipton 1960, Stewart and Couey 1963,
Thompson et al. 1998). Immersion coolers usually
have longer cooling times than shower coolers
because water speed past produce is slower.

Packages for hydrocooled produce must allow
vertical water flow and tolerate water contact.
Plastic or wood containers work well in
hydrocoolers. Corrugated fiberboard must be wax-
dipped to withstand water contact.

Hydrocoolers cause no moisture loss in cooling.
In fact, they can rehydrate slightly wilted produce.
Hydrocooler water spreads plant decay organisms
and thus must be obtained from a clean source
and treated (usually with hypochlorous acid

from sodium hypochlorite or gaseous chlorine)

to minimize the levels of decay organisms
(Thompson et al. 1998).

Calculations of hydrocooler size, refrigeration
capacity, water flow needs, and typical product
cooling times can be found in Thompson et al.
(1998). Hydrocoolers can be fairly energy efficient
and are the least expensive cooling method to
purchase (Thompson 1992).

Package Icing

Packing a product with crushed or flaked ice can
quickly cool it and provides a source of cooling
during subsequent handling. It also maintains high
humidity around the product, reducing moisture
loss. Its disadvantages are that it has high capital
and operating costs, requires a package that will
withstand constant water contact, and usually
adds a great amount of weight to the package.
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In addition, meltwater can damage neighboring
produce in a shipment of mixed commodities.
Cut flowers are sometimes cooled initially with
a forced-air system, and a small amount of ice in
a sealed package is secured in the container. This
greatly reduces the amount of ice needed and
eliminates meltwater damage, while providing
some temperature control during subsequent
transit and handling.

Vacuum Cooling

This method achieves cooling by causing water
to rapidly evaporate from a product. Water loss
of about 1% causes 6 °C (11 °F) product cooling
(Barger 1963). Product is placed in a steel vessel
and vacuum pumps reduce pressure in the vessel
from 760 mm Hg to 4.6 mm Hg (Thompson et al.
(1998). Water boils at a pressure of 20 to 30 mm
Hg depending on temperature. This causes rapid
moisture evaporation and produce cooling. At the
end of the cooling cycle, pressure equals 4.6 mm
Hg and water boils at 0 °C (32 °F). If the product
is held at this pressure long enough, it will cool to
0 °C (32 °F). For produce that releases moisture
rapidly, like leafy green vegetables, cooling can
be accomplished in 20 to 30 min, even when

the product is wrapped in plastic film (Cheyney
et al. 1979). The produce loses 2 to 4% of its
weight during cooling, depending on its initial
temperature. Spraying the produce with water
before cooling minimizes product moisture loss.
Some coolers are fitted with water spray systems
that are activated during the cooling cycle.

Procedures for estimating vacuum pump capacity,
refrigeration capacity, and condensing coil design
can be found in Wang and Gitlin (undated). Use
Thompson et al. (1998) and assume a -9 to -7 °C
(15 to 20 °F) refrigerant evaporating temperature
to estimate compressor horsepower. Vacuum
coolers are very energy efficient (Thompson et

al. 1987) and are cost competitive if well utilized
(Thompson 1992).



Marine Transport Cooling

Perishable products should be cooled before
being loaded into a refrigerated transport vehicle.
However, some production areas do not have
cooling facilities, and transport cooling is the only
feasible option. Citrus and bananas in the tropics
are often cooled during marine transport.
Refrigerated containers and ships supply
refrigerated air through a floor plenum. Fastest
possible cooling is obtained by using packages
that allow vertical airflow and by loading the
cargo so that refrigerated air is forced through the
product. Boxes should have top and bottom vents,
and interior packaging materials should not block
air flow. The load or dunnage material must cover
the entire floor to prevent refrigerated air from
traveling up though spaces between pallet loads
and bypassing the load. Proper packaging and
loading will allow product to cool in 1 to 2 days
(Heap 1998). Improper practices will prevent the
load from cooling and the product will arrive at
destination too warm and in poor quality.

Cooling Time Calculations

Rate of cooling is directly related to the
temperature difference between the cooling
medium and the product. Initially, when the
product is warm, temperature drops quite rapidly;
later, the rate slows as product temperature drops.
The product is considered “half cool” when its
temperature drops to half the difference between
its initial temperature and the cooling medium
temperature. After another half-cooling period,
the product is considered “three-quarters” cool.
Product is usually finished cooling at “seven-
eighths” or “fifteen-sixteenths” cool. Cooling time
predictions can be done with equations presented
in Thompson et al. (1998) or with a graphical
method like that in Sargent et al. (1988).

Cold Storage
Building Design and Layout

The floor area needed for refrigerated storage

can be calculated by determining the maximum
amount of product the facility will be expected to
handle in units of volume (m? or ft3) divided by
the storage height. Storage height is usually about
2 m, the height of a pallet load. Product height can
be increased by adding pallet racks or, if boxes
are strong enough, by stacking pallets up to three
high. Pallet bins are sometimes stacked to a height
of over 3 m. Add to this area space for corridors
and space for lift truck movement.

Airflow Design

Adequate airflow is needed to distribute
refrigerated air throughout the facility to maintain
uniform air temperatures. Most cold storage

is designed to have an air flow capacity of 0.3
m®min tonne* of product (100 ft® min* ton?).

In long-term storage, the product will reach
setpoint temperature within a few days to about

1 week after the facility is filled. Airflow can

then be reduced to about 20 to 40% of the design
capacity and still maintain adequate temperature
uniformity. This can be done by intermittent
operation of fans or by keeping the fans constantly
on but reducing their speed with an electronic
speed control system. Slow air speeds reduce
moisture loss from the product (Kroca and
Hellickson 1993).

Airflow must be distributed uniformly throughout
the coldroom to minimize temperature variability.
For product in pallet loads, one of three systems is
commonly used (Thompson et al. 1998). All three
require placement of pallets in lanes separated

by 10 to 15 cm (4 to 6 in). In rooms where the

air must travel more than 15 m (50 ft), air is
distributed through ceiling ducts or a plenum and
returns to evaporators through a long opening

in a plenum wall. Another system distributes air
into the pallet lanes, and the air returns across

the ceiling. Pallet bin storage can use the same
systems, or air can be distributed through forklift
openings or with a serpentine airflow system, as is

used in some forced-air coolers.
15



Refrigeration Load

Determining the refrigeration capacity needed

for a facility is based on estimating heat input to
the cold storage from the following: uncooled
product; product respiration; heat conduction
through walls, floors, and roof; air infiltration
through doors; lights; motors; equipment; and
personnel. However these estimates cannot be
done exactly. Over the life of a facility, it may

be used for different products, the amount of
product may change, and equipment performance
deteriorates over time. Coldroom designers make
estimates based on methods presented in Stoecker
(1998) or ASHRAE (1999) and then add perhaps
20 to 30% extra capacity as a cushion. As a rule
of thumb, refrigerated produce storage requires 10
to 14 kW of refrigeration capacity per 1,000 m? of
storage volume and refrigerated shipping docks

require 14 to 25 kW per 1,000 m? (Stoecker 1998).

Refrigeration Equipment

Most cold storage uses vapor recompression, also
called mechanical refrigeration. A few facilities
use absorption refrigeration, though this is only
cost effective if there is an inexpensive source

of low-temperature heat available. Detailed
discussions of equipment selection and design are
given in Stoecker (1998) and ASHRAE (1999).

The key design constraints for produce storage is
uniformly maintaining desired temperature and
relative humidity (RH). Uniform temperature is
maintained by adequate refrigeration capacity,
uniform air distribution, minimal temperature
difference between the evaporator coil and the air
temperature, and a precise temperature control
system. High RH is needed to reduce product
moisture loss. Most fresh produce requires 85

to 95% RH, while dried commaodities, such as
onion and ginger, need a low RH. High RH is
obtained by minimizing temperature variation in
the room and by operating the evaporator coil at
a temperature close to the setpoint temperature

of the room. This is done by installing a coil

with a high surface area and by using a control
system that maintains the refrigerant at its highest
possible temperature.
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Humidifiers may be needed to add moisture to
paper or wood packaging materials; otherwise,
packaging will absorb water from the product.
Alternatively, the product can be packed in plastic
packages that do not absorb water or in plastic
bags that slow moisture loss. Plastic materials
with minimum amounts of venting retard moisture
loss from the produce (Crisosto et al. 1994)

and may allow the cold storage to be held at a
lower humidity. Products with low transpiration
coefficients lose water slowly (Sastry and Baird
1978) and may not need special provision for high
RH storage, especially if they are not stored for a
long time.

Alternative Refrigeration Options

In areas with limited capital for investment in
refrigeration, there are other options besides
using mechanical refrigeration for temperature
control, though none of them provide the optimum
conditions that refrigeration does (Thompson
1999). Evaporative cooling drops air temperature
to within a few degrees of the wet bulb
temperature of the outside air and is sometimes
used in dry climates. In these same climates, the
nighttime air temperature tends to be lower and
product can be ventilated with cool night air.

Soil temperature at 2 m (6 ft) below the surface
is equal to the average annual air temperature.
Storage facilities can be built underground to
take advantage of these lower temperatures. Well
water is also usually equal to average annual air
temperature and can sometimes be used to cool
products. Using ice formed in winter and storing
products at high altitudes are also occasionally
used to provide cool storage temperatures.
Unfortunately, few of the above options work well
in humid, tropical climates.

Ethylene Control

Certain types of produce are sensitive to damage
from ethylene; thus it is necessary to minimize
ethylene level in their storage environment. Unless
outside temperatures are very low or very high,
ventilation is an inexpensive method of reducing
ethylene levels. Ethylene can also be absorbed on
commercially available potassium permanganate



pellets. A few products, especially floral and
ornamental crops, can be chemically treated to
make them insensitive to ethylene damage.

Controlled Atmosphere Facilities

Storage rooms can be built for controlled
atmosphere (CA) storage for about 5% additional
cost if they are properly designed initially. The
extra cost is for sealing joints between walls,
ceilings, and floors and for installing gas-tight
doors. Tilt-up concrete, metal panels, urethane
foam, and plywood have all been successfully
used as gas barriers. These storage rooms also
need equipment for monitoring and controlling
gas levels (Waelti and Bartsch 1990).
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Heat Load Calculation

Some factors need to be considered in determining refrigeration required for a cold-storage plant.
Examples are simplified to illustrate steps necessary to calculate heat load of a refrigerated storage

area during cooling and normal storage operation. More information on load calculations can be found
in Patchen (1971), Ryall and Lipton (1979), ASHRAE (1981), and Bartsch and Blanpied (1984). The
information presented here is adapted from pages 14 to 16 of the previous USDA Agriculture Handbook
Number 66 (Hardenberg et al. 1986). Examples are shown in metric units for pears in storage at -1.1

°C (30 °F). To convert respiration rate of fruits and vegetables expressed in mg CO, kg* h™ to heat
production in kJ, multiply mg CO, kg™ h™ by 61 to get kcal tonne™* day™ (1 kcal = 4,186 kJ).

Conditions

Storage size

Outside surface area (including floor)

Inside dimensions
Volume
Insulation

Ambient conditions at harvest
Fruit temperature
Storage capacity
Bin weight
Loading weight and time
Cooling rate
Air changes from door openings:
during cooling
during storage
Specific heat
Heat load to lower air:
from 30 to -1.1 °C (50% RH)
from 7.2 t0 -1.1 °C (70% RH)
Miscellaneous heat loads

Example

15x15x4.5m

720 m?

14.7x14.7x4.2 m

908 m?

7.6 cm of polyurethane with a conductivity value
(k) = 1.3 kJ per m? per cm thickness per °C;
coefficient of transmission (U) = 1.1 kJ h* m2°C
30 °C and 50% RH

at harvest, 21 °C; in storage, -1.1 °C

600 bins at 500 kg fruit per bin = 300,000 kg of fruit
63.5 kg; total weight of bins = 38,100 kg

200 bins (100,000 kg fruit per day); 3 days to fill
1st day, 21 to 4.5 °C; 2nd day, 4.5t0 -1.1°C

6 per day
1.8 per day
pears, 0.86; wood bins, 0.5

74.5kim3

15.3 kIm?

lights, 2,400 W per h (3.6 kJ W?)

fans at 3,112 kJ per HP

electric forklifts, 36,920 kJ each for 8 h
workers, 1,000 kJ per h per person
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A. Load during cooling and filling storage: temperature difference (TD) from 30 °C to -1.1 °C = 31.1

°C, assuming 31.1 °C TD on all surfaces:

1. Building-transmission load: area (720 m?) x U (1.1 kJ) x TD (31.1°C) x h (24) =

2. Air-change load from doors: vol (908 m?) x heat load (74.5 kJ) x air changes (6) =

3. Product cooling (field heat removal):

First day
Fruit (100,000 kg) x specific heat (0.86) x TD (21 to 4.5 °C) x
kJ factor (4.186) =
Bin weight (12,700 kg) x specific heat (0.5) x TD (21 to 4.5 °C) x
kJ factor (4.186) =

Second day
Fruit weight (100,000 kg) x specific heat (0.86) x TD (4.5 to -1.1 °C) x
kJ factor (4.186) =
Bin weight (12,700 kg) x specific heat (0.5) x TD (4.5 to -1.1 °C) x
kJ factor (4.186) =

4. Heat of respiration during cooling (vital heat):
First day
Average temperature of 13 °C; respiration rate of 12,206 kJ per tonne
per 24 h; tons of fruit (100) x rate (12,206) =
Second day
Average temperature of 1.7 °C; respiration rate of 1,741 kJ per tonne
per 24 h; tonnes of fruit (100) x rate (1,741) =

Maximum heat accumulated in storage before cooling completed: total fruit
weight of 300,000 kg - 2 day loading weight of 200,000 kg = 100,000 kg
(100 tonnes); respiration rate at -1.1 °C is 812 kJ per tonne per 24 h; tonnes
of fruit (100) x respiration rate (812) =

5. Miscellaneous heat loads:

Lights: W (2,400) x kJ per W (3.6) x h (8) =
Fans: HP (3) x kJ per HP (3,112) x h (24) =
Forklifts: 2 x 36,920 kJ per forklift for 8 h =
Labor: workers (2) x kJ per h (1,000) x h (8) =

Total heat load during cooling:
Building transmission

Air change

Product cooling

Production respiration
Miscellaneous

Subtotal

Add 10% to be cautious
Total required refrigeration

20

kJ per 24 h
591,149

405,876

5,939,934

438,588

2,015,977

148,854

1,220,600

174,100

81,200

69,120
224,064
73,840
16,000

519,149
405,876
8,543,353
1,475,900
383,024

11,399,302
1,139,930
12,539,232



Assuming refrigeration equipment operates 18 h per day: 12,539,232 + 18 h = 696,624 kJ h. Since a
tonne of refrigeration absorbs 12,660 kJ per 24 h: 696,624 + 12,660 = 55 tonnes of peak refrigeration
capacity is required.

B. Load during normal storage operation (average outside ambient conditions, 7.2 °C at 70% RH;
storage temperature, -1.1 °C; TD =7.2 ° to -1.1 °C = 8.3 °C).
kJ per 24 h
1. Building-transmission load: area (720 m?) x U (1.1 kJ) x TD (8.3°C) x h (24) = 157,766
2. Air-change load from doors: vol (908 m®) x heat load (15.3 kJ) x air changes (1.8) = 25,006

Product load (respiration, no cooling):
3. Respiration rate at -1.1 °C is 812 kJ per tonne per 24 h; tonne fruit (300) x rate (812) = 243,600

4. Miscellaneous head loads:

Lights: W (2,400) x kJ per W (3.6) x h (4) = 34,560
Fans: HP (3) x kJ per HP (3,112) x h (24) = 224,064
Labor: people (1) x kJ per h (1,000) x h (4) = 4,000
Total load during storage:
Building transmission 157,766
Air change 25,006
Product load (respiration) 243,600
Miscellaneous 262,624
Subtotal 688,996
Add 10% to be cautious 68,899
Total required refrigeration 757,895

Assuming refrigeration equipment operates 18 hours per day: 757,895 + 18 h = 42,105 kJ h* and
42,105 + 12,660 = 3.3 tonnes of refrigeration capacity is needed during normal storage.
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Introduction

Controlled atmosphere (CA) storage involves
maintaining an atmospheric composition that is
different from air composition (about 78% N.,
21% O,, and 0.03% CO,); generally, O, below
8% and CO, above 1% are used. Atmosphere
modification should be considered as a supplement
to maintenance of optimum ranges of temperature
and RH for each commaodity in preserving quality
and safety of fresh fruits, ornamentals, vegetables,
and their products throughout postharvest
handling. This chapter gives an overview of
responses to CA; specific CA considerations are
given in individual commodity summaries.

Biological Basis of CA Effects

Exposure of fresh horticultural crops to low O,
and/or elevated CO, atmospheres within the
range tolerated by each commodity reduces

their respiration and ethylene production rates;
however, outside this range respiration and
ethylene production rates can be stimulated,
indicating a stress response. This stress can
contribute to incidence of physiological disorders
and increased susceptibility to decay. Elevated
CO,-induced stresses are additive to and
sometimes synergistic with stresses caused by low
0O,, physical or chemical injuries, and exposure
to temperatures, RH, and/or C_H, concentrations
outside the optimum range for the commodity.

The shift from aerobic to anaerobic respiration
depends on fruit maturity and ripeness stage
(gas diffusion characteristics), temperature,
and duration of exposure to stress-inducing
concentrations of O, and/or CO,. Up to a point,
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fruits and vegetables are able to recover from

the detrimental effects of low O, and high CO,
stresses (fermentative metabolism) and resume
normal respiratory metabolism upon transfer to
air. Plant tissues have the capacity for recovery
from the stresses caused by brief exposure

to fungistatic atmospheres (>10% CO,) or
insecticidal atmospheres (<1% O, and/or 40 to
80% CO,). Postclimacteric fruits are less tolerant
and have lower capacity for recovery following
exposure to reduced O, or elevated CO, levels
than preclimacteric fruits. The speed and extent of
recovery depend on duration and levels of stresses
and underlying, metabolically driven cellular
repair.

Elevated-CO, atmospheres inhibit activity of
ACC synthase (key regulatory site of ethylene
biosynthesis), while ACC oxidase activity is
stimulated at low CO, and inhibited at high CO,
concentrations and/or low O, levels. Ethylene
action is inhibited by elevated CO, atmospheres.
Optimum atmospheric compositions retard
chlorophyll loss (green color), biosynthesis

of carotenoids (yellow and orange colors)

and anthocyanins (red and blue colors), and
biosynthesis and oxidation of phenolic compounds
(brown color). Controlled atmospheres slow
down the activity of cell wall degrading enzymes
involved in softening and enzymes involved in
lignification, leading to toughening of vegetables.
Low O, and/or high CO, atmospheres influence
flavor by reducing loss of acidity, starch to

sugar conversion, sugar interconversions, and
biosynthesis of flavor volatiles. When produce

is kept in an optimum atmosphere, ascorbic acid
and other vitamins are retained, resulting in better
nutritional quality.

Severe stress CA conditions decrease

cytoplasmic pH and ATP levels and reduce
pyruvate dehydrogenase activity, while pyruvate
decarboxylase, alcohol dehydrogenase, and lactate
dehydrogenase are induced or activated. This
causes accumulation of acetaldehyde, ethanol,
ethyl acetate, and/or lactate, which may be
detrimental to the commodities if they are exposed
to stress CA conditions beyond their tolerance.
Specific responses to CA depend on cultivar,



maturity and ripeness stage, storage temperature
and duration, and in some cases ethylene
concentrations.

N, is an inert component of CA. Replacing N,
with argon or helium may increase diffusivity of
0,, CO, and CH,, but they have no direct effect
on plant tissues and are more expensive than N, as

a CA component.

Super-atmospheric levels of O, up to about 80%
may accelerate ethylene-induced degreening

of nonclimacteric commaodities and ripening

of climacteric fruits, respiration and ethylene
production rates, and incidence of some
physiological disorders (such as scald on apples and
russet spotting on lettuce). At levels above 80% O,,
some commaodities and postharvest pathogens suffer
from O, toxicity. Use of super-atmospheric O, levels
in CA will likely be limited to situations in which they
reduce the negative effects of fungistatic, elevated CO,
atmospheres on commaodities that are sensitive to CO,-
induced injury.

Beneficial Effects of CA (Optimum
Composition for the Commodity)—A
Summary

* Retardation of senescence (including
ripening) and associated biochemical
and physiological changes, particularly
slowing down rates of respiration, ethylene
production, softening, and compositional
changes.

* Reduction of sensitivity to ethylene action at
0O, levels <8% and/or CO, levels >1%.

« Alleviation of certain physiological disorders
such as chilling injury of avocado and some
storage disorders, including scald of apples.

» CA can have a direct or indirect effect on
postharvest pathogens (bacteria and fungi)
and consequently decay incidence and
severity. For example, CO, at 10 to 15%
significantly inhibits development of botrytis
rot on strawberries, cherries, and other
perishables.

* Low O, (<1%) and/or elevated CO, (40 to
60%) can be a useful tool for insect control
in some fresh and dried fruits, flowers, and
vegetables and in dried nuts and grains.

Detrimental Effects of CA (Above or
Below Optimum Composition for the
Commodity)—A Summary

* Initiation and/or aggravation of certain
physiological disorders such as internal
browning in apples and pears, brown stain
of lettuce, and chilling injury of some
commodities.

* Irregular ripening of fruits, such as banana,
mango, pear, and tomato, can result from
exposure to O, levels below 2% and/or CO,
levels above 5% for >1 mo.

» Development of off flavors and off odors
at very low O, concentrations (as a result
of anaerobic respiration) and very high
CO, levels (as a result of fermentative
metabolism).

* Increased susceptibility to decay when the
fruit is physiologically injured by too low O,
or too high CO, concentrations.

Commercial Application of CA Storage

Several refinements in CA storage have been made
in recent years to improve quality maintenance.
These include creating nitrogen by separation
from compressed air using molecular sieve beds
or membrane systems, low-O, (1.0 to 1.5%)
storage, low-ethylene (<1 pL L) CA storage,
rapid-CA (rapid establishment of optimal levels
of O, and CO,), and programmed- (or sequential-)
CA storage—for example, storage in 1% O,

for 2 to 6 weeks followed by storage in 2 to

3% O, for the remainder of the storage period.
Other developments, which may expand use of
atmospheric modification during transport and
distribution, include improved technologies for
establishing, monitoring, and maintaining CA
using edible coatings or polymeric films with
appropriate gas permeability to create a desired

23



atmospheric composition around and within the
commodity. Modified atmosphere packaging
(MAP) is widely used in marketing fresh-cut
produce.

Applications of CA to cut flowers are very limited
because decay caused by Botrytis cinerea is often
a limiting factor to postharvest life, and fungistatic
CO, levels damage flower petals and/or associated
stem and leaves. Also, it is less expensive to treat
flowers with anti-ethylene chemicals than to use
CA to minimize ethylene action.

Commercial use of CA storage is greatest on
apples and pears worldwide, less on cabbages,

sweet onions, kiwifruits, avocados, persimmons,
pomegranates, and nuts and dried fruits and
vegetables (table 1). Atmospheric modification
during long-distance transport is used with
apples, asparagus, avocados, bananas, broccoli,
cane berries, cherries, figs, kiwifruits, mangos,
melons, nectarines, peaches, pears, plums,

and strawberries. Continued technological
developments in the future to provide CA
during transport and storage at a reasonable cost
(positive benefit/cost ratio) are essential to greater
applications on fresh horticultural commodities
and their products.

Table 1. Classification of horticultural crops according to their CA storage potential at

optimum temperatures and RH.

Storage duration Commodities

Months
>12 Almond, Brazil nut, cashew, filbert, macadamia, pecan, pistachio, walnut,
dried fruits and vegetables
6to 12 Some cultivars of apples and European pears
3t06 Cabbage, Chinese cabbage, kiwifruit, persimmon, pomegranate, some
cultivars of Asian pears
1to3 Avocado, banana, cherry, grape (no SO,), mango, olive, onion (sweet
cultivars), some cultivars of nectarine, peach and plum, tomato (mature-green)
<1 Asparagus, broccoli, cane berries, fig, lettuce, muskmelons, papaya,

pineapple, strawberry, sweet corn, fresh-cut fruits and vegetables, some cut

flowers
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Introduction

Temperature preconditioning of fruits and
vegetables has been practiced for more than 70
years, since Baker (1939, 1952) described heat
treatments for disinfestation of fruit flies in citrus.
There is renewed interest in high temperature as
a postharvest treatment for control of both insect
pests and fungal pathogens in fresh produce. In
part, this is because of the deregistration of a
number of compounds that, until recently, have
been used for effective control of postharvest
disorders. In addition, there is increased consumer
demand for produce that has had minimal, or
ideally no, chemical treatment.

Heat has fungicidal as well as insecticidal action,
but heat regimes that are optimal for insect control
may not be optimal for disease control; in some
cases they may even be detrimental. A thermal
treatment that is developed for fungus or insect
control should not damage the commodity being
treated. In fact, in many cases high temperature
manipulation before storage may have beneficial
effects on the commodity treated. These benefits
include slowing the ripening of climacteric fruit
and vegetables, enhancing sweetness of produce
by increasing the amount of sugars or decreasing
acidity, and prevention of storage disorders such
as superficial scald on apples and chilling injury
on subtropical fruits and vegetables (Lurie 1998).

Temperature conditioning before storage may also
mean an incubation period spent at either ambient
temperature of 16 to 25 °C (61 to 77 °F) or at a
temperature below ambient but above that which
might produce chilling injury: 5to 12 °C (41 to
54 °F), depending on the commodity. This type
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of temperature manipulation is often referred to
as a “curing” period and is used with crops such
as potatoes, onions, and carrots. Its purpose is
generally to increase resistance of the commodity
to pathogen invasion, though it may also increase
resistance to low-temperature injury in citrus.

In this chapter we discuss temperature
preconditioning treatments according to their
purpose; that is, pathogen, insect, or chilling
injury control. Most of the methods listed here,
however, are still experimental and have yet to be
accepted for routine commercial practice.

Commercial Treatments

The greatest number of temperature manipulations
used commercially are based on high-temperature
treatments (vapor heat or hot forced-air) for insect
disinfestation. Temperature regimes are developed
specifically for each commodity and insect pest.
The accepted procedures for produce entering

the United States are described in the Plant
Protection and Quarantine Treatment Manual
from USDA, Animal and Plant Health Inspection
Service (APHIS). The manual is routinely updated
(APHIS 1998). The latest edition of the manual
should be consulted for approved treatments for
particular commodities or pests.

An example of commercial temperature
conditioning for pest control is Mexican-grown
mangos, which may be infested with a variety

of fruit fly larvae or eggs. Officially authorized
treatments are high-temperature, forced-air
treatment (HAT) or a hot water dip treatment
(HWT) before storage and shipment. In HAT, fruit
are heated until their centers reaches 48 °C (118
°F). HWT conditions depend on fruit size and can
vary from 45 to 90 min in water, where the fruit
interior reaches 46 °C (115 °F).

Vapor-heat (VHT) differs from high-temperature,
forced-air in that moisture accumulates on the
surface of the fruit. The water droplets transfer
heat more efficiently than air, allowing the fruit
to heat quickly; but there may also be increased



physical injury to the fruit. Papayas grown in
Hawaii are vapor-heat-treated before being
exported to Japan.

Citrus can be disinfested by HAT at 44 °C (111
°F) for 100 min, with an additional 90 min

spent raising the temperature to 44°C. The usual
disinfestation method, however, is to hold the fruit
at low temperature of 0 to 2 °C (32 to 36 °F) for
10 to 16 days before raising the temperature to the
normal storage temperature of 6 to 11°C (43 to 52
°F), depending on cultivar. Since citrus is sensitive
to chilling, fruit are generally held at 20 °C (68 °F)
or 16 °C (61 °F) for 3 to 5 days before placing at
low temperature. This curing treatment decreases
fruit susceptibility to chilling injury resulting from
the subsequent disinfestation treatment.

Insect Disinfestation

The development and implementation of heat
treatments for insect disinfestation have been
reviewed thoroughly (Couey 1989, Paull 1993).
Table 1 includes treatment regimes that have
been reported in the past 20 years. More than half
the treatments are designed to kill fruit fly eggs
or larvae, because their presence requires strict
quarantine in most fruit-importing countries. The
most recently developed methods include heat
treatments in combination with low-O, or high-
CO, atmospheres.

Antifungal Treatments

Curing is used commercially to increase resistance
to pathogen invasion. Potatoes are cured at 12 °C
(54 °F) for 10 to 12 days before storage at 4 to 9
°C (39 to 48 °F), depending on cultivar and on
whether they are designated for industry or home
consumption. Sweet potatoes are also cured at 30
°C (86 °F) for 5 days before storage at 12 °C (54
°F). In both cases the curing period allows for
wound healing and deposition of cell wall material
to create a physical barrier to pathogens. Kiwifruit
also benefit from a curing period. If held at 10 °C
(50 °F) before storage at low temperatures, they

develop fewer rots after storage. Onions can be
stored longer if held at 28 °C (82 °F) for 3 days
before storage.

The two commercial applications of high-
temperature antifungal treatments are HWT for
papayas (Akamine and Arisumi 1953), which has
been used for almost 50 years, and a hot-water
brush treatment (HWB) (Fallik 1996a, 1999,
Prusky et al. 1997). The brush system is in use

on packing lines for export of corn, mangos,
peppers, and some citrus from Israel. The machine
sprays hot water at 50 to 65 °C (122 to 149 °F) on
produce as it moves along on brush rollers. The
major benefit appears to be removal of spores and
dirt, though hot water combined with brushing
also causes surface cracks to be filled in by the
natural wax of the commaodity, as well as eliciting
resistance to pathogens in some cases.

The state of temperature conditioning treatments
against fungal pathogens was reviewed by Barkai-
Golan and Phillips (1991) and Coates and Johnson
(1993). The majority of the regimes listed in table
2 were developed in the past 10 years. Dips in

hot fungicide solution have been used since the
1950s for pathogen control. As various fungicides
lose their registration or as pathogens develop
resistance, there is increased interest in heat-
treating produce in combination with compounds
that are generally recognized as safe (GRAS),
such as calcium chloride or sodium carbonate
(table 2).

Physiological Benefits of Conditioning
Treatments

Most thermal treatments have been developed

as lethal regimes for insects or fungi. Some of
these regimes, however, also have prophylactic
effects against physiological disorders such as
chilling injury (CI). Prevention of Cl allows

the commaodity to be stored longer at lower
temperatures, which in turn permits export in ships
rather than more costly air freight. In addition,

a preshipping heat treatment can allow for low-
temperature disinfestations of commaodities, such
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as citrus, by improving the resistance of fruit to ClI
generally incurred during this treatment.

Other heat treatments have been developed
specifically to maintain postharvest quality, such
as increased firmness of apples or decreased
yellowing of broccoli, or to protect against other
abiotic stresses, such as irradiation disinfestation
treatments (table 3). The physiological
mechanisms of these treatments were previously
reviewed by Lurie (1998).
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Table 3. Physiological benefits of thermal treatments for horticultural crops

Chilling injury
Crop Phenomenon/ Regime* Temperature/Time Reference
Appearance
Apple scald HAT 38 °C/4 days or Lurie et al. 1990
42 °C/2 days
Avocado skin browning HAT then 38 °C/3-10 h then Woolf et al. 1995
internal browning, HWT 40 °C/30 min Florissen et al. 1996
pitting 38 °C/60 min Woolf et al. 1997
HWT
Cactus pear rind pitting, HAT or HWT 38 °C/24 h or Schirra et al. 1996
brown staining 55 °C/5 min
Citrus rind pitting HAT 34-36 °C/48-72 h Ben -Yehoshua et al.
1987
Gonzalez-Aguilare et
al. 1998
HWT 50-54 °C/3 min Schirra & D’Hallewin
1997
53 °C/2-3 min Rodov et al. 1995
HWB 59-62 °C/15-30 sec Porat et al. 1999
Mango pitting HAT 38 °C/2 days McCollum et al. 1993
54 °C/20 min Jacobi et al. 1995
Persimmon gel formation HWT 47 °C/90-120 min; Lay-Yee et al. 1997
50 °C/30-45 min;
52 °C/20-30 min
HAT Woolf et a. 1997
Green pepper  pitting HAT 40 °C/20 h Mencarelli et al. 1993
Cucumber pitting HWT 42 °C/30 min McCullum et al. 1995
Tomato pitting HAT 38 °C/2-3 days Lurie & Klein 1991
HWT 48 °C/2 min Lurie et al. 1997
42 °C/60 min McDonald et al. 1998,
1999
Zucchini pitting HWT 42 °C/30 min Wang 1994
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Table 3. Physiological benefits of thermal treatments for horticultural crops—Continued

Improved postharvest quality

Commodity

Parameter/Attribute Regime*

Temperature/Time

Reference

Apple

Asparagus

Broccoli

Collard
Green onions

Guava

Kale

Potato

increased firmness

inhibited curvature

decreased yellowing

decreased yellowing
inhibited elongation

decreased softening
and yellowing

decreased yellowing

inhibited sprouting

HAT

HWT

HWT

HAT

HWT

HWT

HAT

HWT

38 °C/4 days;

42 °C/2 days

47 °C/2-5 min

50 °C/2 min
45 °C/10 min;

47 °C[7.5 min

45 °C/30 min

55 °C/2 min

46 °C/35 min

40 °C/60 min

Klein & Lurie 1992

Paull & Chen 1999
Forney 1995

Tian et al. 1996, 1997
Wang 1998

Hong et al. 2000

McGuire 1997

Wang 1998

Rangann et al. 1998

* HWT: hot water treatment
HAT: high-temperature forced-air treatment
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