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The maintenance or improvement of the 
postharvest life and quality of fresh fruit and 
vegetables is becoming increasingly import-
ant. This has been partly as a response to a 
free market situation where the supply of 
good quality fruit and vegetables constantly 
exceed demand. Therefore to maintain or 
increase market share there is increasing 
emphasis on quality. Also consumer expect-
ation in the supply of all types of fresh fruit 
and vegetables throughout the year is often 
taken for granted. This latter expectation is 
partly supplied by long-distance transport 
but also long-term storage of many crops. 
With growing awareness and concern for 
climate change, long-distance transport of 
fruit and vegetables is being questioned.

Controlled atmosphere (CA) storage has 
been shown to be a technology that can con-
tribute to these consumer requirements in 
that in certain circumstances, with certain 
cultivars of crop and appropriate treatments, 
the marketable life can be greatly extended. 
An enormous amount of interest and research 
has been reported on CA storage and modi-
fied atmosphere (MA) packaging of fruit and 
vegetables to prolong their availability and 
retain their quality for longer. This book 
seeks to evaluate the history and current 
technology reported and used in CA storage 
and MA packaging and its applicability and 
restrictions for the use in a variety of crops in 

different situations. While it is not exhaustive 
in reviewing the enormous quantity of science 
and technology that has been developed and 
published on the subject, it will provide an 
access into CA and MA for those applying 
the technology in commercial situations. The 
book can also be used as a basis for deter-
mination of researchable issues in the whole 
area of CA storage and MA packaging.

The scientific basis for the application 
of CA technology to the storage and of fresh 
fruit and vegetables has been the subject 
of considerable research, which seems to be 
progressively increasing. Some of the science 
on which it is based has been known for 
over 200 years but was refined and applied 
commercially for the first time in the first 
half of the 20th century.

History of the Effects of Gases on Crops

The effects of gases on harvested crops have 
been known for centuries. In eastern coun-
tries some types of fruit were taken to tem-
ples, where incense was burned, to improve 
ripening. Bishop (1996) indicated that there 
was evidence that Egyptians and Samarians 
used sealed limestone crypts for crop storage 
in the second century bce. He also quoted 
from the Bible suggesting that the technol-
ogy might have been used in Old Testament 
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Egypt when Joseph prevented famine by 
storing grain for 7 years. Dilley (1990) men-
tioned the storage of fresh fruit and vegetables 
in tombs and crypts. This was combined 
with the gas-tight construction of the inner 
vault so that the fruit and vegetables would 
consume the oxygen (O2) and thus help to 
preserve the crops. An interpretation of this 
practice would indicate that knowledge of 
the respiration of fruit pre-dates the work 
described in the 19th century (Dalrymple, 
1967). Wang (1990) quotes a Tang dynasty 8th 
century poem which described how litchis 
were shown to keep better during long- 
distance transport when they were sealed in 
the hollow centres of bamboo stems with 
some fresh leaves. Burying fruit and veget-
ables in the ground to preserve them is a 
centuries-old practice (Dilley, 1990). In Brit-
ain crops were stored in pits, which would 
have restricted ventilation and may have 
improved their storage life. Currently CA 
research and commercial CA storage is used 
in many countries, some of which are de-
scribed in this chapter.

France

The earliest documented scientific study of 
CA storage was by Jacques Etienne Berard at 
the University of Montpellier in 1819 (Be-
rard, 1821), who found that harvested fruit 
absorbed O2 and gave out carbon dioxide 
(CO2). He also showed that certain types of 
fruit stored in atmospheres containing no 
O2 did not ripen, but if they were held for 
only a short period and then placed in air 
they continued to ripen. These experiments 
showed that storage in zero O2 gave a shelf-
life of about 1 month for peaches, prunes 
and apricots and about 3 months for apples 
and pears. Zero O2 was achieved by placing 
a paste composed of water, lime and iron 
sulfate in a sealed jar which, as Dalrymple 
(1967) pointed out, would also have ab-
sorbed CO2. Considerable CA research has 
been carried out over the intervening period 
in France. Berard’s method of achieving an 
atmosphere that had no O2 and likely had 
CO2 absorbed as well is still in use today. 
There are commercial sources of ‘oxygen 

absorbers’ available on e-commerce sites 
that will absorb virtually all O2 in a sealed 
container. The product consists of food-safe 
sachets containing iron powder which con-
sumes O2 to form iron oxides. At least one 
of the products contains activated carbon, 
which can serve to absorb CO2 (though the 
supplier does not make this claim) (Robert 
Prange, personal communication).

USA

In 1856 Benjamin Nyce built a commercial 
cold store in Cleveland, Ohio, using ice to 
keep it below 34°F. In the 1860s he experi-
mented with modifying the CO2 and O2 in 
the store by making it airtight. This was 
achieved by lining the store with casings 
made from iron sheets, thickly painting the 
edges of the metal and having tightly fitted 
doors. It was claimed that 4000 bushels 
(about 72.6 t; see Glossary) of apples 
were kept in good condition in the store for 
11 months. However, he mentioned that 
some fruits were injured in a way that Dal-
rymple (1967) interpreted as possibly being 
CO2 injury. The carbonic acid level was so 
high in the store (or the O2 level was so low) 
that a flame would not burn. He also used 
calcium chloride to control the moisture 
level in the mistaken belief that low humid-
ity was necessary.

Dalrymple (1967) stated that R.W. 
Thatcher and N.O. Booth working in Wash-
ington State University around 1903 stud-
ied fruit storage in jars containing different 
gases. They found that ‘the apples which 
had been in CO2 were firm of flesh, possessed 
the characteristic apple colour, although the 
gas in the jar had a slight odour of fermented 
apple juice, and were not noticeably injured 
in flavour’. The apples stored in hydrogen, 
nitrogen (N2), O2 and sulfur dioxide (SO2) did 
not fare so well. They subsequently studied 
the effects of CO2 on raspberries, blackberries 
and loganberries and ‘found that berries 
which softened in three days in air would 
remain firm for from 7 to 10 days’ in CO2.

Fulton (1907) observed that fruit could 
be damaged where large amounts of CO2 
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were present in the store, but strawberries 
were ‘damaged little, if any . . . by the pres-
ence of a small amount of CO2 in the air of 
the storage room’. Thatcher (1915) published 
a paper describing work in which he experi-
mented with apples sealed in boxes contain-
ing different levels of gases and concluded 
that CO2 greatly inhibited ripening.

G.R. Hill Jr reported work carried out at 
Cornell University in 1913 in which the firm-
ness of peaches had been retained by storage 
in inert gases or CO2. He also observed that 
the respiration rate of the fruit was reduced 
and did not return to normal for a few days 
when removed from storage in a CO2 atmos-
phere to air. C. Brooks and J.S. Cooley, work-
ing for the US Department of Agriculture, 
stored apples in sealed containers in which 
the air was replaced three times each week 
with air plus 5 kPa CO2. After 5 weeks storage 
they noted that the apples were green, firm 
and crisp, but were also slightly alcoholic and 
had ‘a rigor or an inactive condition from 
which they do not entirely recover’ (Brooks 
and Cooley, 1917). J.R. Magness and H.C. 
Diehl in 1924 described a relationship be-
tween apple softening and CO2 concentra-
tion in that an atmosphere containing 5 kPa 
CO2 slowed the rate of softening with a greater 
effect at higher concentrations, but at 20 kPa 
CO2 the flavour was impaired. Work on CA 
storage that had been carried out at the Uni-
versity of California at Davis was reported 
by Overholser (1928). This work included a 
general review and some preliminary re-
sults on Fuerte avocados. In 1930 Overhols-
er left the University and was replaced by 
F.W. Allen, who had been working on stor-
age and transport of fresh fruit in artificial 
atmospheres. Allen began work on CA stor-
age of ‘Yellow Newtown’ apples. ‘Yellow 
Newtown’, like ‘Cox’s Orange Pippin’ and 
‘Bramley’s Seedling’ grown in England, was 
subject to low-temperature injury at temper-
atures higher than 0°C. These experiments 
(Allen and McKinnon, 1935) led to a suc-
cessful commercial trial on Yellow Newtown 
apples in 1933 at the National Ice and Cold 
Storage Company in Watsonville. Thornton 
(1930) carried out trials where the concen-
tration of CO2 tolerated by selected fruit, 
vegetables and flowers was examined at six 

temperatures over the range of 0–25°C. To 
illustrate the commercial importance of this 
type of experiment the project was financed 
by the Dry Ice Corporation of America.

From 1935 Robert M. Smock worked in 
the University of California at Davis on ap-
ples, pears, plums and peaches (Allen and 
Smock, 1938). In 1936 and 1937 F.W. Allen 
spent some time with Franklin Kidd and 
Cyril West at the Ditton laboratory in Eng-
land and then continued his work at Davis, 
while in 1937 Smock moved to Cornell Uni-
versity. Smock and his PhD student, Archie 
Van Doren, conducted CA storage research 
on apples, pears and stone fruit (Smock, 
1938; Smock and Van-Doren, 1938, 1939). 
New England farmers in the USA were grow-
ing a number of apple cultivars, particularly 
‘McIntosh’. ‘McIntosh’ is subject to chilling 
injury and cannot be stored at or below 0°C. 
It was thought that if the respiration rate 
could be slowed, storage life could be ex-
tended, lengthening the marketing period, 
and CA storage was investigated to address 
this problem (Smock and Van-Doren, 1938). 
Sharples (1989a) credited Smock with the 
‘birth of CA storage technology to North 
America’. In fact it was apparently Smock 
who coined the term ‘controlled atmosphere 
storage’ as he felt it better described the tech-
nology than the term ‘gas storage’ which 
was used previously by Kidd and West. 
Smock and Van-Doren (1941) stated: ‘There 
are a number of objections to the use of the 
term gas storage as the procedure is called 
by the English. The term controlled atmos-
phere has been substituted since control of 
the various constituents on the atmosphere 
is the predominant feature of this technique. 
A substitute term or synonym is modified 
atmosphere.’ The term ‘controlled atmos-
phere storage’ was not adopted in Britain 
until 1960 (Fidler et al., 1973). Smock also 
spent time with Kidd and West at the Ditton 
laboratory. The CA storage work at Cornell 
included strawberries and cherries (Van 
Doren et al., 1941). A detailed report of the 
findings of the Cornell group was presented 
in a comprehensive bulletin (Smock and 
Van Doren, 1941) which gave the results of 
research on atmospheres, temperatures and 
varietal response of fruit as well as store 
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construction and operation. In addition to 
the research efforts in Davis and Cornell in 
the 1930s, several other groups in the USA 
were carrying out research into CA storage. 
CA storage research for a variety of fruit and 
vegetables was described by Miller and 
Brooks (1932) and Miller and Dowd (1936). 
Work on apples was described by Fisher 
(1939) and Massachusetts Agricultural Ex-
periment Station (1941), work on citrus fruit 
by Stahl and Cain (1937) and Samisch (1937) 
and work on cranberries by Massachusetts 
Agricultural Experiment Station (1941). 
Smock's research in New York State Univer-
sity was facilitated in 1953 with the comple-
tion of large new storage facilities designed 
specifically to accommodate studies on CA 
storage. During the intervening years the 
work at Davis has been prolific, with an 
enormous number of publications (many 
are referred to in subsequent chapters), and 
the campus has become a widely recognized 
world leader in CA science and technology.

Commercial CA storage of apples in the 
USA began in New York State with 
‘McIntosh’. The first three CA rooms with a 
total capacity of 24,000 bushels were put 
into operation in 1940 with Smock and Van 
Doren acting as consultants. This had been 
increased to 100,000 bushels by 1949, but 
the real expansion in the USA began in the 
early 1950s. In addition to a pronounced 
growth in commercial operation in New 
York State, CA stores were constructed in 
New England in 1951, in Michigan and New 
Jersey in 1956, in Washington, California 
and Oregon in 1958, and in Virginia in 1959 
(Dalrymple, 1967). According to Love 
(1988) the delayed adoption in Washington 
State in the 1940s and early 1950s may have 
been due to the high cost of CA installation 
and management coupled with a certain 
scepticism among USDA postharvest re-
searchers. But after 1957, the Washington 
apple industry increased CA technology at a 
rapid rate. Washington’s initial reluctance 
to adopt CA technology changed with new 
economic developments and new USDA 
scientific leadership in postharvest horti-
culture. A CA store for ‘Red Delicious’ was 
set up in Washington State in the late 1950s 
in a Mylar tent where some 1000 bushels 

were stored with good results. By the 1955–
1956 season the total CA storage holdings 
had grown to about 814,000 bushels, some 
684,000 bushels in New York State and the 
rest in New England. In the spring of that 
year Dalrymple did a study of the industry 
in New York State and found that typically 
CA stores were owned by large and success-
ful fruit farmers (Dalrymple, 1967). The total 
CA storage holdings per farm were large, 
averaging 31,200 bushels and ranging from 
7500 to 65,000 bushels. An average storage 
room held some 10,800 bushels. A little over 
three-quarters of the capacity represented 
new construction while the other quarter 
was remodelled from refrigerated stores. 
About 68% of the capacity was rented out 
to other farmers or speculators. In 2004 it 
was reported that some 75% of cold stores 
in USA had CA facilities (DGCL, 2004). On 
1 December 2016, the amount of the apple 
crop remaining in storage in the USA was 
about 155 million bushels, representing 62% 
of the total crop. About 79% of these holdings 
were in CA storage (AAFC, 2016). Washing-
ton (WA) is the largest apple- producing 
state in the USA with a crop of c. 7,300,000 
bins (one WA bin holds about 400–450 kg) 
in 2017 (Robert Blakey, personal communi-
cation). In a survey of packinghouses that 
represents some 50% of the crop, about 87.5% 
of the crop was stored in CA. Many of the 
respondents indicated that they planned 
to increase their CA capacity in the next 
2 years and, based on their planned construc-
tion, CA capacity will increase to 88.9%

UK

Sharples (1989a) in his review in Classical 
Papers in Horticultural Science stated that 
‘[Franklin] Kidd and [Cyril] West can be de-
scribed as the founders of modern CA stor-
age’. Sharples described the background to 
their work and how it came about. Dalrym-
ple (1967) in reviewing early work on the 
effects of gases on postharvest of fruit and 
vegetables stated: ‘The real start of CA stor-
age had to await the later work of two British 
scientists [Kidd and West], who started from 
quite a different vantage point.’
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During the First World War the British 
Government was concerned about food 
shortages. It was decided that one of the 
methods of addressing the problem should 
be through research, and the Food Investi-
gation Organisation was formed at Cambridge 
in 1917 under the direction of W.B. Hardy, 
who was later to be knighted and awarded 
the fellowship of the Royal Society (Shar-
ples, 1989a). In 1918 the work being carried 
out at Cambridge was described as ‘a study 
of the normal physiology, at low temperat-
ures, of those parts of plants which are used 
as food. The influence of the surrounding 
atmosphere, of its content of O2, CO2 and 
water vapour was the obvious point to begin 
at, and such work has been taken up by 
Dr. F. Kidd. The composition of the air in 
fruit stores has been suspected of being of 
importance and this calls for thorough eluci-
dation. Interesting results in stopping sprout-
ing of potatoes have been obtained, and a 
number of data with various fruits proving 
the importance of the composition of the 
air’ (Food Investigation Board, 1919).

One problem, which was identified by 
the Food Investigation Organisation, was 
the high levels of wastage that occurred dur-
ing the storage of apples. Kidd and West 
were working at that time at the Botany 
School in the University of Cambridge on 
the effects of CO2 levels in the atmosphere 
on seeds (Kidd and West, 1917a, b) and Kidd 
was also working on the effects of CO2 and 
O2 on sprouting of potatoes (Kidd, 1919). 
Kidd and West transferred to the Low Tem-
perature Laboratory for Research in Bio-
chemistry and Biophysics (later called the 
Low Temperature Research Station) at Cam-
bridge in 1918 and conducted experiments 
on what they termed ‘gas storage’ of apples 
(Sharples, 1986). The Low Temperature Re-
search Station had a wide remit, including 
research problems basic to the preservation, 
storage and transport of perishable food-
stuffs. It went on to focus on meat, eggs and 
poultry. With the assistance of the Empire 
Marketing Board the station was later en-
larged and supplemented by the Ditton La-
boratory at East Malling, which was set up 
in 1928 and focused on fruit and vegetables. 
By 1920 Kidd and West were able to set up 

semi-commercial trials at a farm at Histon 
in Cambridgeshire to test their laboratory 
findings in small-scale commercial practice. 
In 1929 a commercial gas store for apples 
was built by a grower near Canterbury in 
Kent. From this work they published a ser-
ies of papers on various aspects of storage of 
apples in mixtures of CO2, O2 and N2 (Kidd 
and West, 1925, 1934, 1935a, b, 1938, 1939, 
1949). They also worked on pears, plums 
and soft fruit (Kidd and West, 1930). In 1927 
Kidd toured Australia, Canada, the USA, 
South Africa and New Zealand discussing 
gas storage. In 1934 Kidd became Superin-
tendent of the Low Temperature Research 
Station. By 1938 there were over 200 com-
mercial gas stores for apples in England.

The Food Investigation Organisation 
was subsequently renamed, since the title 
did not describe fully the many agents used 
in food preservation. It was renamed the 
Food Investigation Board with the following 
term of reference: ‘To organise and control 
research into the preparation and preserva-
tion of food’. The first step towards the for-
mation of the Food Investigation Board was 
‘taken by the Council of the Cold Storage and 
Ice Association’ (Food Investigation Board, 
1919). The committee given the task of setting 
up the Food Investigation Board consisted 
of Mr W.B. Hardy, Professor F.G. Hopkins, 
Professor J.B. Farmer FRS and Professor W.M. 
Bayliss to prepare a memorandum survey-
ing the field of research in connection with 
cold storage. The establishment of a ‘Cold 
Storage Research Board’ was approved.

Work carried out by the Food Investiga-
tion Board at Cambridge under Dr F.F. Black-
man FRS consisted of experiments on gas 
storage of strawberries at various temperat-
ures by Kidd and West at the Botany School 
(Food Investigation Board, 1920). Results 
were summarized as follows.

Strawberries picked ripe may be held in 
cold store (temperature 1°C to 2°C) in a 
good marketable condition for six to seven 
days. Unripe strawberries do not ripen 
normally in cold storage; neither do they 
ripen when transferred to normal  
temperatures after a period of cold storage. 
The employment of certain artificial 
atmospheres in the storage chambers has 
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been found to extend the storage life of 
strawberries. For example, strawberries 
when picked ripe can be kept in excellent 
condition for the market for three to four 
weeks at 1°C to 2°C if maintained:

1. in atmospheres of O2, soda lime being 
used to absorb the CO2 given off in 
respiration;
2. in atmospheres containing reduced 
amounts of O2 and moderate amounts of 
CO2 obtained by keeping the berries in a 
closed vessel fitted with an adjustable 
diffusion leak.

Under both these conditions of storage the 
growth of parasitic and saprophytic fungi is 
markedly inhibited, but in each case the 
calyces of the berries lose their green after 
two weeks.

The Food Investigation Board (1920) 
said that CA storage of plums, apples and 
pears at low temperature ‘has been continu-
ing’ with large-scale gas storage tests on 
apples and pears. It was reported that stor-
age of plums in total N2 almost completely 
inhibited ripening. Plums can tolerate, for a 
considerable period, an almost complete ab-
sence of O2 without being killed or develop-
ing an alcoholic or unpleasant flavour.

The Food Investigation Board (1920) 
described work by Kidd and West at the John 
Street store of the Port of London Authority 
on ‘Worcester Pearmain’ and ‘Bramley’s Seed-
ling’ apples at 1°C and 85% relative humidity 
(RH), 3°C and 85% RH and 5°C and approxi-
mately 60% RH. ‘Sterling Castle’ apples 
were stored in about 14 kPa CO2 and 8 kPa 
O2 from 17 September 1919 to 12 May 1920. 
Ten per cent of the fruit were considered 
unmarketable at the end of November for 
the controls, whereas the gas-stored fruit 
had the same level of wastage 3 months 
later (by the end of February). The Covent 
Garden Laboratory was set up as part of the 
Empire Marketing Board in 1925. It was 
situated in London close to the wholesale 
fruit market with R.G. Tomkins as Superin-
tendent. The Food Investigation Board (1958) 
described some of their work on pineapples 
and bananas as well as pre-packaging work 
on tomatoes, grapes, carrots and rhubarb.

Besides defining the appropriate gas 
mixture required to extend the storage life 

of selected apple cultivars, Kidd and West 
were able to demonstrate an interaction. 
They showed that the effects of the gases in 
extending storage life varied with tempera-
ture in that at 10°C gas storage increased the 
storage life of fruit by 1.5–1.9 times longer 
than when stored in air, while at 15°C the 
storage life was about the same in both gas 
storage and in air. They also showed that 
apples were more susceptible to low tem-
perature breakdown when stored in con-
trolled atmospheres than in air (Kidd and 
West, 1927b).

In 1928 the Ditton Laboratory (Fig. 1.1) 
was established close to the East Malling 
Research Station in Kent by the Empire 
Marketing Board with J.K. Hardy as Super-
intendent. At that time it was an out-station 
of the Low Temperature Research Station 
at Cambridge. The research facilities were 
comprehensive and novel with part of the 
Station designed to simulate the refriger-
ated holds of ships in order to carry out ex-
periments on sea freight transport of fruit. 
Cyril West was appointed Superintend-
ent of the Ditton Laboratory in 1931. West 
retired in 1948 and R.G. Tomkins was ap-
pointed Superintendent (later the title was 
changed to Director) until his retirement in 
1969. At that time the Ditton Laboratory 
was incorporated into the East Malling 
Research Station as the Fruit Storage Sec-
tion (later the Storage Department) with 
J.C. Fidler as head. When the Low Tempera-
ture Research Station had to move out from 
its Downing Street laboratories in Cam-
bridge in the mid 1960s, part of it was used 
to form the Food Research Institute in Nor-
wich. Subsequently it was reorganized, 
in November 1986, as the Institute of Food 
Research. Most of the staff of the Ditton La-
boratory were transferred elsewhere, mainly 
to the new Food Research Institute. The UK 
Government’s Agricultural Research Coun-
cil had decided in the mid to late 1960s 
that it should reorganize its research insti-
tutes on a crop basis, rather than by discip-
line. For example, Dr W.G. Burton, who 
worked on postharvest and CA storage of 
potatoes at the Low Temperature Research 
Station at Cambridge and subsequently 
at the Ditton Laboratory, was appointed 
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Deputy Director at Food Research Insti-
tute. Some of the Ditton Laboratory staff 
thought this government action was just a 
ploy to dismember the Laboratory as it had 
got out of control. Apparently at one time 
visitors from Agricultural Research Coun-
cil’s headquarters were neither met off the 
train nor offered refreshment (John Stow, 
personal communication).

B.G. Wilkinson, R.O. Sharples and D.S. 
Johnson were subsequent successors to the 
post of Head of the Storage Department at 
East Malling Research Station. The labora-
tory continued to function as a centre for CA 
storage research until 1992, when new facil-
ities were constructed in the adjacent East 
Malling Research Station and the research 
activities were transferred to the Jim Mount 
Building. In 1990 East Malling Research 
Station (EMRS) became part of Horticulture 
Research International and subsequently it 
became ‘privatized’ to East Malling Re-
search (EMR). In an interview on 24 July 
2009 David Johnson indicated that the team 
of scientists and engineers he joined at East 

Malling in 1972 ‘has come down to me’, and 
he was about to retire (Abbott, 2009). Since 
then the Produce Quality Centre has been 
set up under the direction of Dr Deborah 
Rees. This is a collaborative initiative be-
tween the Natural Resources Institute (NRI) 
and East Malling Research. The NRI, which 
was a successor to the Tropical Products In-
stitute (TPI), became part of the University 
of Greenwich in 1996. The work of TPI in 
London ‘developed from that of the Plant 
and Animal Products Department of the Im-
perial Institute, which from the 1890s aimed 
to furnish scientific and technical informa-
tion necessary for the better production and 
marketing of plant and animal products, 
which British territories overseas produced 
or might become able to produce’. The name 
Imperial Institute was changed to Colonial 
Products Laboratory in 1953 then to TPI in 
1957 and changed again to Tropical Devel-
opment and Research Institute (with the 
amalgamation of two other institutes) and 
then to NRI. The NRI Produce Quality 
Centre focused on tropical and subtropical 

Fig. 1.1. The Ditton Laboratory at East Malling in Kent. The photograph was taken in June 1996 after it had 
been closed and the controlled atmosphere storage work had been transferred to the adjacent Horticulture 
Research International.
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perishable commodities and EMR on UK 
fruit. As UK government funding for agri-
cultural and horticultural research was 
limited, the two organizations decided to 
benefit from the increased efficiency of 
pooling expertise and sharing facilities. In 
2017 EMR was taken over by the National 
Institute of Agricultural Botany (NIAB) to 
become NIAB EMR and the NRI took over 
the management of the Jim Mount Building 
(Fig. 1.2). Previously, in 2015, as interest in-
creased in the use of dynamic controlled at-
mosphere (DCA) storage, David Bishop and 
Jim Shaeffer of Storage Control Systems Ltd 
worked with the Product Quality Centre 
(PQC) (primarily D. Rees, R. Colgan and 
K. Thurston) to set out the key areas of research 

to determine how to use respiratory charac-
teristics to optimise CA protocols, thereby 
creating DCA standards for the UK’s import-
ant apple and pear cultivars (Deborah Rees, 
personal communication).

Although Kidd and West collaborated 
on 46 papers during their lifetimes, they 
rarely met outside the laboratory. Kidd was 
an avid walker, a naturalist, gardener and 
beekeeper. He also wrote poetry and paint-
ed. West was interested in systematic botany 
and was honoured for his contribution to 
that field (Kupferman, 1989). West retained 
an office in the Ditton Laboratory until the 
1970s from which he continued to pursue 
his interests in systematic botany (John 
Stow, personal communication).

Fig. 1.2. The Jim Mount Building 
at East Malling containing the  
CA laboratory of the Natural 
Resources Institute of the 
University of Greenwich.
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Australia

Little et al. (2000) provided an excellent re-
view of the history of CA in Australia. In 
1926 G.B. Tindale was appointed by the state 
of Victoria to carry out research into post-
harvest science and technology of fruit. He 
collaborated with Kidd during his visit there 
in 1927. The Council for Scientific and In-
dustrial Research Organization(CSIRO) was 
formed about the same time and F.E. Huelin 
and S. Trout from CSIRO worked with Tin-
dale on gas storage of apples and pears. For 
example, in one study in 1940 they used 
5kPa CO2 + 16 kPa O2 for storage of Jonathan 
apples by controlled ventilation with air and 
no CO2 scrubbing. Huelin and Tindale (1947) 
reported on gas storage research of apples 
and CA work was subsequently started on 
bananas (McGlasson and Wills, 1972) but the 
work was not applied commercially until the 
early 1990s. In Australia most commercial 
fruit storage until 1968 was in air and in 
1972 CA generators were introduced. So the 
reality was that commercial CA storage was 
probably not used before 1968 and presum-
ably not to any significant extent until after 
1972. It seems the real problem of introdu-
cing CA storage technology was that the old 
cold stores were leaky (Little et al., 2000; and 
John Faragher, personal communication) 
and therefore not easily adapted to CA. In 
2015 a successful commercial trial was con-
ducted at Valley Pack Storage Pty Ltd in the 
Goulbourn Valley on ‘Granny Smith’ apples 
and ‘Packham’s Triumph’ pears which main-
tained quality and controlled superficial 
scald without chemicals using DCA-CF 
(chlorophyll fluorescence). Combined with 
support from Australian supermarkets that 
are promoting less postharvest chemical 
usage, there is now an increase in modern 
CA construction in Australia (Mark Novotny, 
personal communication).

Brazil

Commercial apple production started in 
Brazil in the mid 1970s and the first com-
mercial CA storage of apples occurred in the 

late 1970s. Apple production has increased 
and Brazil now produces 1–1.2 million 
tonnes of apples each year (62% ‘Gala’, 33% 
‘Fuji’ and < 5% others cultivars). About 
278,000 t are stored in air and about 645,060 
t are stored in CA. In Brazil, 750–1000 t of 
kiwifruit are stored in CA and approxi-
mately 2000 t in air each year (R. Prange 
personal communication, 2017).

Canada

The commercial development of CA storage 
of apples and pears in Canada can be largely 
attributed to the research of Charles Eaves 
of the Canada Department of Agriculture 
(the current name is Agriculture and Agri-
Food Canada (AAFC)). Eaves culminated a 
distinguished research career at the AAFC 
Kentville Research and Development Centre, 
Kentville, Nova Scotia, where he made 
numerous significant and innovative contri-
butions (Dilley, 2006; Hoehn et al., 2009). 
Eaves worked on fruit and vegetable storage 
in Nova Scotia and initiated the construc-
tion of the first commercial CA store in 1939 
in Canada at Port Williams. Eaves was born 
in England but studied and worked in Nova 
Scotia and then spent a year in England 
with Kidd and West at the Low Temperature 
Research Station in Cambridge in 1932–
1933. On returning to Canada he was active 
in the introduction of CA technology (Eaves, 
1934). The use of high calcium hydrated 
lime (calcium hydroxide, Ca (OH)

2) (also 
known as just ‘lime’ in the CA literature) 
for removing CO2 in CA stores was also first 
developed by him in the 1950s (Eaves, 
1959). Hydrated lime is still used today as a 
simple means to scrub CO2 in CA stores, 
particularly for some cultivars of apples and 
pears that are very sensitive to CO2, i.e. 
stored at 0.5 kPa CO2 or less. He was in-
volved, with others, in the development of 
a propane burner for rapidly reducing the 
O2 concentration in CA stores (Eaves, 1963). 
He retired in 1972. CA is important in Can-
ada especially for apples and in December 
2016 there were 172,020 t of apples in CA 
storage and 37,811 t in refrigerated storage 
(AAFC, 2016).
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China

It was reported that in 1986 the first CA 
store was established in Yingchengzi in 
China to contain some 1000 t of fruit (DGCL, 
2004). Apple is the most produced fruit in 
China (Zhang Xuejie, personal communi-
cation). In 2016, China produced about 
43 million tonnes of apples (the total output 
of fruits was about 0.27 billion tonnes), and 
over 50% of the apples were stored. About 
14.7% of the apples were stored in CA 
(which reached over 35% in some advanced 
areas like Shandong province), 55.2% of ap-
ples were stored in cold storage, and 30.1% 
were stored in short-term non-cold storage. 
The CA recommendations for apple and 
some other fruits in China are shown below 
(Table 1.1).

Holland

A considerable amount of CA research was 
carried out by the Sprenger Institute, which 
was part of the Ministry of Agriculture and 
Fisheries and eventually was incorporated 
within Wageningen University. Although the 
effects of CA on flowers dates back to work 
in the USA in the late 1920s (Thornton, 1930), 
much of the research that has been applied 

commercially was done by the Sprenger 
Institute, which started in the mid 1950s 
(Staden, 1986). From 1955 to 1960, research 
was carried out at the Sprenger Institute on 
‘normal’ CA storage of apples, which meant 
that only the CO2 concentration was meas-
ured and regulated. Also at that time the 
first commercial CA stores were developed 
and used with good results. From 1960, both 
O2 and CO2 were measured and controlled 
and several types of CO2 scrubbers were 
tested, including those using lime, molecu-
lar sieves, sodium hydroxide and potassium 
hydroxide. For practical situations lime 
scrubbers were mainly used and gave good 
results. From 1967 to 1975, active carbon 
scrubbers were used, which gave the oppor-
tunity to develop central scrubber systems 
for multiple rooms. From 1975 to 1980, the 
first pull-down equipment was used in 
practice, mainly using the system of ammo-
nia cracking called ‘Oxydrain’, which pro-
duced N2 and hydrogen (H2) gases. The N2 
gas was used to displace storage air to lower 
O2 levels. At this time most apple cultivars 
were stored in 3kPa CO2 + 3 kPa O2. From 
1980 to 1990, an enormous development in 
CA storage occurred with much attention 
on low O2 storage (1.2 kPa) sometimes in 
combination with low CO2. In this system 
the quality of the stored apples improved 
significantly (Schouten et al., 1997). There 

Table 1.1. CA recommendations for selected fruits in China.

Fruit °C % RH O2 kPa CO2 kPa Storage time

Apple 0–5 85–95 2–4 3–5 4–6 months
Waxberry (Myrica rubra) 0.5–1.5 95 3–5 5–7 40 days
Strawberry 0 95–100 10 5–10 4 weeks
Hami melon 3~4 80 3~5 1–1.5 6 months
Date 0~1 90 3 5 2–3 months
Hawthorn –1 90 5 3 7 months
Grape 3 90–95 5 5~20 7 months
Persimmon 0~–1 90 2 4–7 6 months
Peach 0~1 85 1–3 5 10 weeks
Plum 0~1 90 1~3 5 10–12 weeks
Cherry 0~1 90 3~5 20~25 6–7 weeks
Banana 11–13 90–95 0.5–10 0.5–7 100 days
Pineapple 7 85 2 0 40 days
Mango 10~12 85 3~5 2.5~10 40 days
Lychee 1~5 90 5 5 2 months
Kiwifruit 0~1 90–95 2~4 5 3~6 months
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was also improvement in active CO2 scrub-
bers, gas-tight rooms, much better pull-down 
systems for O2 including membrane systems, 
pressure swing adsorption and centralized 
measurement and controlling systems for 
CO2 and O2. From 1990 to 2000, there was 
further improvement of the different systems 
and the measurement of defrosting water. 
During 2000–2009, there was further devel-
opment of the Dynamic Control System using 
the measurement of ethanol as the control 
method for the O2 concentration. This enables 
the level to be lowered sometimes down to 
0.4 kPa in commercial storage. A lot of sophis-
ticated ultra-low oxygen (ULO) storage rooms 
now use this technique (Fig. 1.3). At the 
same time the use of 1-methylcyclopropene 
(1-MCP) was introduced in combination with 
ULO storage. A next step in the 1-MCP ap-
plication, especially for ‘Elstar’ apples, was 
the application during and after ULO storage, 
to get a better shelf-life. From 2015, a new 
dynamic CA (DCA) technique was introduced 
which is based on the respiration coefficient 
of the apples. This advanced control of res-
piration (ACR) system regularly measures 
the CO2 production and oxygen uptake of 
the entire CA cell (Fig. 1.3). The oxygen con-
tent in the cell is adjusted on the basis of the 
calculated RQ (Alex van Schaik, personal 
communication).

Italy

By the late 1950s, CA was being used in the 
apple and pear growing regions of Northern 

Italy. Since then, CA has been extensively 
adopted. As an example, in the Alto Adige 
(South Tyrol) region, in the 2016–2017 
storage season 88.43% of a total 864,000 t of 
apples was stored in CA (Angelo Zanella, 
personal communication).

India

Originally established in 1905, the Indian 
Agricultural Research Institute initiated a 
coordinated project on postharvest technol-
ogy of fruit and vegetables in 1970. Under 
the direction of Dr R.K. Pal the IARI con-
ducted a considerable amount of research 
on several fruit species, including work on 
CA. Jog (2004) reported that there are a large 
number of cold storages in India and some 
of the old ones have been revamped, gener-
ators added and the availability CA and MA 
facilities was increasing, but CA stores 
remain rare.

Mexico

In countries like Mexico crops are not 
widely stored, partly because of long har-
vesting seasons. However, CA storage is in-
creasingly used, for example, in Chihuahua 
and Coahuila for apples. It was estimated by 
Yahia (1995) that there were about 50 CA 
storage rooms in Mexico storing about 
33,000 t of apples each year.

Fig. 1.3. An experimental CA storage room in Holland. Reproduced with permission from Wageningen 
Food & Biobased Research.
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New Zealand

Research work for the Department of Indus-
trial and Scientific Research on gas storage 
of apples between 1937 and 1949 was sum-
marized in a series of papers (for example, 
Mandeno and Padfield, 1953). The first ex-
perimental CA shipments of ‘Cox’s Orange 
Pippin’ apples were carried out to Holland 
and UK in the early 1980s supervised by 
Stella McCloud. These experiments were in 
reefer containers at 3.5–4°C and a small bag 
of lime was placed in each box to absorb 
CO2, though this presented a problem with 
the Dutch customs officers who needed to 
be convinced that the white powder was in 
fact lime. Oxygen was probably controlled 
by N2 injection. Before that time, apples were 
shipped only in reefer containers or reefer 
ships and the use of CA was in response to 
the apples developing ‘bitter pit’, which 
was controlled by the increased CO2 levels 
(John Stow, personal communication). Sub-
sequently the Department of Scientific and 
Industrial Research developed predictive 
levels of fruit calcium needed for ‘Cox’s 
Orange Pippin’ apples free of bitter pit.

Poland

In Poland in 2017, there was about 1,450,000 t 
of fruit storage capacity of which 950,000 t 
was CA. There was 1,720,000 t of vege-
table storage capacity but only about 20 t in 
CA in 2017 (Franciczek Adamicki, personal 
communication).

South Africa

Kidd and West (1923) investigated the 
levels of CO2 and O2 in the holds of ships 
carrying stone fruit and citrus fruit to UK 
from South Africa. However, the first com-
mercial CA storage facilities in South Africa 
were installed in Elgin in 1935 and 1936 
(Dilley, 2006). Others were commissioned 
in 1978 and by 1989 the CA storage volume 
had increased to a total of 230,000 bulk bins 
catering for > 40% of the annual apple and 

pear crop (Eksteen et al., 1989). The adop-
tion of CA has increased in South Africa 
since 1989. CA capacity was 660,000 bins 
in 1997 and > 1.3million bins in 2017, with 
75% of CA capacity being used for apples 
(341,000 t assuming an apple bin contains 
350 kg) and 25% used for pears (136,000 t 
assuming a pear bin contains 420 kg) (Rich-
ard Hurndall, personal communication.). 
There are no CA stores for avocados in 
South Africa but avocado export shipment 
takes place in CA containers. Export vol-
umes are 50,000–60,000 t per annum.

South-east Asia

Considerable work has been carried out in 
many South-east Asian countries on the 
postharvest effects of gases on fruit, but 
since long-term storage of fruit is rarely car-
ried out because of constant availability 
most of the work has been related to MA 
packaging and coatings. In Thailand, there 
is no commercial CA storage (Ratiporn Har-
uenkit, personal communication), but some 
CA research is currently carried out at Ka-
setsart University in Bangkok, mostly on 
rambutan. In the Philippines, CA transport 
trials by the Central Luzon State University 
were reported for mango exports by Angeli-
to T. Carpio, FreshPlaza on 12 September 
2005, but results were not published.

Turkey

In Turkey, CA research started in Yalova 
Central Horticultural Research Institute in 
1979, mainly by Dr Umit Ertan, Dr Sozar 
Ozelkok and Dr Kenan Kaynaş, initially on 
apples and subsequently at the Scientific 
and Technical Research Council of Turkey 
(TÜBIṪAK) and various Turkish univer-
sities. Commercial CA storage also started 
near Yalova and one private company was 
reported to have some 5000 t CA capacity 
(Kenan Kaynaş, personal communication, 
2008). The most significant and accelerated 
expansion of CA storage in Turkey began 
between 2000 and 2010 and the CA storage 
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capacity in 2017 for fruit and vegetables 
(especially apple, pear and pomegranate) 
has reached 200,000 t, which is about 10% 
of the total cold-storage capacity in Turkey, 
and the amount of CA-stored pomegran-
ate was about 4000–5000 t (Kenan Kaynaş 
and Mustafa Erkan, personal communica-
tion, 2017).

West Indies

In 1928 the Low Temperature Research Sta-
tion was established in St Augustine in 
Trinidad at the Imperial College of Tropical 
Agriculture at a cost of £5800. The initial 
work was confined to:

improving storage technique as applied to 
Gros Michel [bananas] . . . for investigating 
the storage behaviour of other varieties and 
hybrids which might be used as substitutes 
for Gros Michel in the event of that variety 
being eliminated by the epidemic spread on 
Panama Disease.

Due to demand the work was extended 
to include ‘tomatoes, limes, grapefruit, or-
anges, avocados, mangoes, pawpaws, egg-
plant fruit, cucurbits of several kinds and to 
the assortment of vegetables that can be 
grown in the tropics’ (Wardlaw and Leon-
ard, 1938). An extension to the building was 
completed in 1937 (Fig. 1.4) at a cost of £4625. 
‘Dr F. Kidd and Members of the Low Tem-
perature Research Station at Cambridge gave 
assistance and advice in technical and scien-
tific matters’ and CA storage work was carried 
out using imported cylinders of mixtures of 
N2, O2 and CO2. Professor C.W. Wardlaw 
was Officer-in-Charge and a considerable 
amount of work was carried out by him 
and his staff on fresh fruit and vegetables, 

including work on CA storage (Wardlaw, 
1938). Wardlaw returned to Manchester 
University as Professor of Cryptogamic Bot-
any under Professor S.C. Harland FRS and 
in 1961, after Harland’s retirement, he was 
appointed Head of Department.

With the formation of the University of 
the West Indies in the 1960s, postharvest 
work in Trinidad continued mainly under 
the supervision of Professor L.A. Wilson 
and subsequently by Keith Thompson and 
Lynda Wickham on postharvest science and 
technology of fruit and vegetables. There 
has been considerable work on MA pack-
aging but limited work on CA storage. Errol 
Reid and Keith Thompson carried out experi-
ments in 1997 on CA transport of bananas in 
reefer containers from the Windward Islands 
to Britain and subsequently Reid super-
vised the use of CA reefer ships in 1998. CA 
reefer ships were being used for transport of 
bananas from the Windward Islands to the 
UK with some 50,000–60,000 t /year in 2010, 
often combined with bananas from the 
Dominican Republic to reduce the risk of 
dead-freight.

Fig. 1.4. New laboratories at the Low Temperature 
Research Station in St Augustine, Trinidad, in 1937. 
Photo Tucker Picture Production Ltd (Wardlaw and 
Leonard, 1938).
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