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ABSTRACT

Today, nearly half of food products are decreasing before reaching to consumer and data shows that
one third of food never reaches to end consumer. It is known that % 50 of these are caused by technical
errors, temperature management and reducing postharvest losses will play important role of world
population in future. Therefore, preventing or minimizing loss of fresh fruits and vegetables has be-
come important issue. Petroleum fuels and electrical energy cold storages are costly and causes envi-
ronmental pollution. Recently, phase change material (PCM) is clean, environmentally friendly and
renewable energy source and interesting material in energy systems. PCMs have ability to store ambient
heat as latent heat energy and return the stored latent heat energy during rising and falling to ambient
temperature. Accurate phase change temperature range PCMs work as low and high temperature bar-
riers, providing maximum energy savings as an economical storage system and can prevent carbon (C)
emissions by reducing environmental pollution. This study is a review of applicable thermal energy
storage PCM materials for cold storage of postharvest fresh fruits and vegetables and aims reduce to C
emission and energy saving.
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1. INTRODUCTION

World population will reach 9.6 billion by 2050
and consequently % 70 more food production
will be required (Krishnan et al., 2020). As par-
allel with increase world population, demand
for vegetables and fruits is also increasing. Ac-
cording to United Nations Food and Agriculture
Organization (FAO) 2016 data, 865.8 million tons
of fresh fruit production in 65.2 million hectares
and 1 billion tons of fresh vegetables were pro-
duced in 57 million hectares of land in the world.
Especially tomato is most produced vegetable
that was 182,301,395 tons in 2017 (FAO 2019a).
Almost half of cultivated products are lost before
they even reach consumption stage. In the future,
post-harvest reducing play an important role on
world pop- ulation (Gustavsson et al., 2011).
From this point of view, preventing or at least
minimizing loss of fresh fruits and vegetables be-
comes an important issue. The loss rate of fresh
fruits and vegetables, which are perishable prod-
ucts, %50 reaches result of disruptions and mis-
applications in harvest-transport-cooling-pack-
aging-storage-transportsales chain (Sorhocam,
2020). Most factors (processing, storage and
transport conditions) play important role in de-
terioration reactions of fruits and vegetables on
their transport from grower to consumer. If these
factors are not properly controlled, there will be
large post-har- vest losses (Table 1). Changes in
fresh products cannot be stopped, but it is pos-
sible to minimize losses with low temperature,
relative humidity control, appropriate packag-
ing and transporta- tion measures (Ahmad and
Siddiqui, 2015). On the other hand, thermal ener-
gy storage (TED) materials, can be used efficient-
ly when lack of resources to produce energy or
with cooling systems that are opened at 4-5hour
intervals. PCM design and implementation of
food safety sys- tem has attracted great interest
in recent years. Using these technologies mini-
mizing food waste enables optimal planning of
distribution networks and this reduces the car-
bon emissions of the entire supply chain.
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2. SOME FRUIT AND VEGETABLE
POSTHARVEST LOSSES

Increasing shelf life of products, including ther-
mal or refrigerated packaging methods, from
production center to point of consumption and
main parts of cold chain, which is a logistics sys-
tem that provides most ideal conditions for per-
ishable products to maintain its quality that are
as follows:

*Food processing (eg freezing of some processed
foods)

*Cold storage (short or longterm storage of fro-
zen foods)

eDistribution (refrigerated shipping and tem-
porary storage in temperature controlled condi-
tions)

*Marketing (in wholesale markets, retail mar-
kets and food service businesses, it is the plac-
ing of the product in warehouses and showcases
with refrigerators or freezers (Postharvest, 2017).

If storage and transportation conditions are not
followed in cold chain from the grower to con-
sumer, post-harvest losses increase. Lowering
temperature and controlling relative humidity
can reduce losses (Ahmad and Siddiqui, 2015).
Moisture loss, bruising and subsequent spoil-
age are types of spoilage that cause fresh fruit
and vegetables to be discarded (Kitinoja and Al-
Hassan, 2010; Ray and Ravi, 2005). Production
and marketing losses are experienced in stages
between the production and consumption of all
fresh fruits and vegetables, especially tomatoes
and for example Turkey marketing loss of 12
billion TL/year than fresh fruit and vegetables
(FAOSTAT, 2019). Cold storage applications have
become inevitable and necessary to reach mar-
kets. Depending on these developments; world
cold storage capacity has reached 552 million m3
(Salin, 2010; Cantek, 2016). Post-harvest product
losses in developed countries are less than in yet
developing countries (Table 1, 2) (Erkan, 2021).
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Table 1. Postharvest product losses in fresh fruits and

vegetables in developed countries (Erkan, 2021)

Products Loss Rates (%)
Leaf salad, iceberg 11.7
Cucumber 7.9
Sweet pepper 10.6
Tomato 14.7
Potato 4.9
Apple 1.7
Pear 4.1
Peach 12.6
Strawberry 22
Orange 10-12

Table 2. Postharvest product losses in fresh fruits and

vegetables in developing countries (Erkan, 2021).

Products Loss Rates (%)
Lettuce, Leaf salad 62
Cabbage 37
Cauliflower 49
Tomato 20-50
Onion 16-35
Potato 5-40
Apple 14
Peach 28
Grape 20-95
Citrus 23-33
Banana 20-80

3. COLD STORAGE APPLICATIONS
AND ENERGY USE TO POSTHAR-
VEST FRUIT AND VEGETABLES

It is known that nearly fifty percent of these
losses are caused by technical errors related to
control and temperature management. Cold air
technologies are important in logistics and tem-
perature of sensitive food products. Microbiolog-
ical and chemical deterioration occur with tem-
perature fluctuations in cold chain so as mostly
at transportation vehicles or transportation tran-
sitions (1zer, 2017). Although insulating cooling
equipment is used to reduce this risk, there is no
latent heat storage feature at low temperatures.
After harvest, fruits and vegetables survive and
perform all functions of a living tissue (Joas and
L’ecaudel, 2008). Increasing the quality of fresh
fruits and vegetables cannot be changed, pro-
vided that naturalness is preserved in terms of
technology, it is only preserved (Tigist, 2013).
The postharvest treatment methods that must be
followed to maintain this quality are as follows;
methylcyclopropene (1-MCP), calcium Chloride
(CaCl2) application, modified atmosphere pack-
aging (MAP), tomato postharvest heat treatment,
cooling storage (Arah et al., 2016).

The determination of harvest maturity stage
depends on desired market target and time re-
quired to fruit market. The most effective factor
in hardness change after fruits harvest is ambient
temperature and temperature rises, the hardness
values decrease rapidly. For this reason, strength
of harvested fruits can be increased by moving
them from field or garden to a cool place (Mer-
can, 2005). Although plants produce pathogenic
bacteria, pectolytic and softening enzymes, most
of bacteria that cause soft rot in many products
belong to certain Erwinia species (Aysan et al.,
2003). Erwinia carotovora subsp. carotovora
(Jones) Dye and Erwinia carotovora subsp. atro-
septica (van Hall) Dye (soft rot): They are most
important bacterial diseases that cause damage
to many crops, especially tomatoes and pep-
pers. One of the most easily recognized mold
fungi is Alternaria ssp. (Kadakal et al., 2011).
These patho- gens are spread by splashing wa-
ter on soil, wind, harvest and postharvest pro-
cesses. Bacteria pass- es from a rotten product to
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healthy product by flow. Packaging fresh fruits
and vegetables can reduce food losses with bet-
ter and smarter packaging design to keep food
fresh longer.

Therefore, suitable packaging systems should be
designed (Elik et al., 2019). In developing coun-
tries, lack of cooling system is seen as main cause
of postharvest losses (FAO, 2013).

The world cold storage capacity has reached 552
million m3. In this capacity, India (133 million
m3), USA (114 million m3) and China (76 million
m3) occupy top three places and Turkey ranks
13th with Spain, which has same capacity, with a
capacity of 7 million m3. While total growth was
% 5 in 17 countries where cold air investments
are concentrated growth was % 10 in Turkey,
India, Peru and China. Cooling; for perishable
horticultural crops, it reduces respira- tion, re-
duces spoilage and natural ripening rates, slows
down ripening by reducing transpiration, water
loss, wrinkling, as well as ethylene produc- tion,
reduces activities of microorganisms, black- en-
ing, loss of texture, taste and nutritional value
(Kitinoja and Kader, 2015). Cooling systems con-
sume electrical energy, about % 40 of total energy
consumption (Sarafoji et al., 2021). Traditionally,
vapor compression refrigeration cycles are used
in cold stores (Uggiil, 2009). In this cycle, energy
required for compression work in compressor
is met by electrical energy. Among other ener-
gy sources, electrical energy is seen as cleanest
source in terms of environmental impact. How-
ever, this is not case when electrical energy is
considered as a source of generation. In many
countries around the world, electrical energy is
still produced in thermal power plants and us-
ing fossil fuels. This situation reveals that there
is an indirect environmental polluting effect in
electrical energy. For example, Turkey produces
approximately % 75 of its electricity in thermal
power plants that use fossil fuels (UNDP, 2006;
Tarakcioglu, 1984; TUSIAD, 1998). The indirect
environmental impact arising from use of elec-
trical energy is a subject that must be examined.

Examination of export problems of South Afri-
can fruit producers from Cape Town port with
refrigerated ship containers over the port, it has
been determined that one of the important fac-
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tors in quality of fruits and product losses is tem-
perature changes they are exposed to when the
refrigerated container is loaded from cold stor-
age while on truck and containers are plugged
into power source during transfer of containers
from truck to ship at port. In addition, design of
cooling system in refrigerated ship containers is
sufficient to maintain a certain temperature but
because it is not sufficient for cooling, the impor-
tance of loading the fruits into these containers
at recommended coldness. Importance of initial
cooling and critical importance of maintaining
temperature reached here throughout entire
transport are expressed in same research (Goed-
hals-Gerber et al., 2015).

Temperature is main determining factor for shelf
life and product quality in food cold chain. As
an alternative, active refrigerator boxes can be
used, provided batteries are charged and active
cold pack box systems that can cool provided
that cold packs are replaced or dry ice is added
and replaced to control system batteries (Rong et
al., 2011). Especially in domestic transportation,
non-refrigerated vehicles are used, so cold chain/
air conditioning cannot be applied. The solution
proposal is; It is envisaged to expand vehicle
tracking systems and heat recording devices in
fresh fruit and vegetable transportation, espe-
cially refrigerated vehicle transportation and to
ensure traceability of products. In a different
study total logistics cost of okra after harvest was
calculated as 2,191,978.56 TL/500kg (Cakir, 2019)
and cost of an integrated ice store in a 3ton chiller
was subtracted and amortization period was
determined for a “partial storage” application.
Cold storage system electricity consumption in 8
hours can cost amounting to 4,971,700 TL to 41.5
kWh (Basaran and Erek, 2001). Mechanical sys-
tems used in refrigerated transportation are not
shut down under any circumstances and desired
set interval value is not exceeded, two drivers are
used, thus preventing cold chain from being bro-
ken since electrical energy taken from vehicle is
not cut off. In short-term transportation applica-
tions, driver is obliged to leave vehicle in work-
ing condition during meals or short-term stays.

In addition, fuel consumption increases as a high
cooling load is brought to refrigerated vehicle
(Kalig, 2018). Conventional vapor compression
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refrigeration systems cause 0.585 kg of carbon
dioxide (CO2) to be released into the atmosphere
to produce 1kWh cold effect, also cost for IkWh
cooling effect is 0.016 Euro/kWh (SE) for ejector
system and 0.178 Euro/kWh (SE) for con- ven-
tional cooling system (Uggiil, 2009).

4. PCMS ROLE IN ENERGY USE AND
ITS IMPACT ON C EMISSIONS

Heat energy can be stored as sensible, latent and
thermochemical energy. Latent heat storage is
most interesting method. PCMs are substanc-
es that can absorb and store heat during the
phase change process and dissipate this stored
heat in case of reverse phase change (Tao et al.,
2008; Boan, 2005). The phase change is basically
caused by temperature change caused by heat
source coming from stable state of substance. In
latent heat storage technique, PCMs have energy
storage/release function during phase change at
specified temperature. PCMs have an important
place with high energy storage, isothermality
and controlled phase change (Zalba et al., 2003;
Kenisarin and Mahkamov, 2007).

Many organic and inorganic PCMs and their
mixtures (Fig.1) are used in solar heating (wa-
ter, building etc.) and temperature regulation
in textiles, thermal management of electronics,
biomedical and biological transport systems, etc.

Phase Change
Material

— Organics —

— Inorganics —

— Eutecties

PCMs have high impact strength and chemical
resistance (Alkan et al., 2006). PCMs are now-
adays used in solar energy storage, heat pumps,
heating and air conditioning in buildings, heat
distribution systems, etc. widely used in the
fields. Studies on PCM microcapsules have in-
creased in the last 10 years (Gulfam et al., 2020).

Preparation of new generation materials with
modified PCM studies, for example, a new PCM
was synthesized by connecting polyethylene
terephthalate to polyethylene glycol (Gungor
Ertugral and Alkan, 2021). In solid-liquid phase
change, food packaging containing PCM in solid
state can minimize temperature fluctations that
can occur foodstuff (Johnston et al., 2008) also
provides insulation by preventing chang- ing
ambient temperature from reaching food for a
long time. Organic and inorganic PCMs have
been tried by many researchers to elicit maxi-
mum thermal efficiency available (Sathishkumar
et al., 2020). PCM system was used to home re-
frigerator and compressor worked 3,566 hours
a day and operating time was reduced by 45
minutes compared to previous year and it was
observed that carbon dioxide emissions were re-
duced by % 17.4 and fossil fuel consumption by
28 kg and 12 liters per day, respectively (Zara-
jabad and Ahmadi, 2018). Functional food pack-
aging materials and petroleum, electricity, etc.

— Paraffin

L Non-Paraffin
(Fatty Acids,Esters,Alcols)

Salts/ Hydrates

- Metals

Organic - Organic

Organic-lnorganic

Inorganic-Inorganic

Figure 1. Classification of PCMs (Tatsidjodoung et al., 2013).
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It is possible to preserve quality and safe food by
using as little energy sources as possible. For this
purpose, the interest in environmentally friend-
ly, new generation, smart packaging materials
that can keep food cold for a certain period time,
which is beneficial to the global economy as par-
allel.

5.APPLICABLE PCMS TO COLD
STORAGE OF POSTHARVEST FRUIT
AND VEGETABLES

Appropriate PCM selection is save energy for
cold chain during storage and transportation of
foods. Preservation of storage temperature in
range of 8-10 °C suitalbe to ripe tomatoes and it
is also best storage temperature range for pota-
toes, citrus fruits, star fruit, melon, okra, pineap-
ple and zucchini (Cantwell, 2001).

Various PCMs can be used as packaging material
to keep temperature constant by using minimum
external energy source in cold chain applications
of postharvest fruits and vegetables whose stor-
age temperatures vary between 5-18°C (Table 3).

It has been observed that a PCM plate integrated
in a vertical structure reduces energy consump-
tion by about 10 times, when plate thickness in-
creases by 6 mm, the compressor run time ratio
decreased from % 36 to % 26 (Ezan et al., 2017)
and Rubitherm brand PCMs used in storage box-
es for cold chain applications that have been ef-
fective in cooling (Du et al., 2020).

6. CONCLUSIONS

In recent years, PCMs have been developed in
field of microencapsulation, shape stabilization
and materials as nanomaterials. PCM techno-
logy has been widely studied in building, cool-
ing, thermal management of electronic equip-
ment and various other fields. With selection of
the appropriate PCM, especially commercially
available paraffin PCMs, postharvest fruits and
vegetables can be stored for a long time without
need for another energy source, and even in case
of a solar-powered system, it is possible to build
a warehouse that can cool with % 100 green e-
nergy. A system developed with smart materials
without using electricity and petroleum fuel can
be completely environmentally friendly. If these
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new generation smart materials are applied to
refrigerated vehicles and continuous cooling
units in food logistics, it is possible to reduce
the C emulsion because less petroleum fuel and
electricity will be consumed. In this way, the o-
perating principle close to raw material, which
is important for fruit and vegetable industry can
be changed by cheap and economical trans- por-
tation systems. Decrease in transportation costs,
which are reflected in food prices in con- sum-
er society, cheaper food consumption can be
achieved and opportunity for healthy nutrition
increases. Green energy systems supported by
natural energy sources such as solar energy or
wind energy supported by PCMs instead of pe-
troleum-derived fuels that cause environmen-
tal pollution can provide economical food con-
sumption and a clean environment.
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Table 3. Applicable PCMs preservation for postharvest fruit and vegetable

Latent
PCM Tm°C Heat (J/g)
Tetrahydrofuran 5 280 Yang et al., 2018.
n-Tetradecane 5.5 226 Sharma, 2004.
Formic Acid 7.8 247 Sharma, 2004.
Polyethyleneglycol 400 8 99.6 Sharma, 2004.
Dimethyl adipate 9.7 164.6 Yang et al., 2018.
n-Pentadecane 10 205 Sharma, 2004.
D20 3.7 318 Sharma, 2004.
LiCl04.3H20 8 253 Sharma, 2004.
NH4Cl.Na2S04.10H20 11 163 Sharma, 2004.
Caprylic acid + 1-dodecanol (70:30) 6.52
171.06 6.52 171 Zuo et al.,2011
Caprylic alcohol + Mynstyl
(73.7:26.3 by mass) 6.9 169 Wu et al., 2015.
Lauryl alcohol + Octanoic acids (40.6:59.4) 7 179 Huetal., 2011.
Capric acid and lauric acid (65:35 by mole)
+ Pentadecane (50:50 by volume) 10 158 Dimaano and Watanabe 2002.
Capric acid and lauric acid (65:35 by mole)
+ Pentadecane (70:30 by volume) 11 149 Dimaano and Watanabe 2002.
C5HS5C6HS + (C6HS5)20 (26:73.5) 12 98 Sharma, 2004.
Capric acid and lauric acid (65:35 by mole) Roxas-Dimaano and
+0.10 mol Cineole 12 112 Watanabe, 2002.
Capric acid and lauric acid (65:35 by mole)
+ 0.10 mol Methyl Salicylate 13 127 Dimaano and Watanabe 2002.
Capric acid and lauric acid (65:35 by mole)
+ Pentadecane (90:10 by volume) 13 142 Dimaano and Watanabe 2002.
Capric acid and lauric acid (65:35 by mole)
+ 0.10 mol Eugenol 13 118 Dimaano and Watanabe 2002.
Capric acid + Lauric acid-oleic acid 15 109 Jiaet al., 2019
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Table 3 (continue). Applicable PCMs preservation for postharvest fruit and vegetable

Latent
PCM Tm°C Heat (J/g)
Lauric + 1-dodecanol (29:71) 17 175 Kumar et al., 2017
Capric acid + Lauric aci (65:35 by mole) 18 140 Dimaano and Watanabe 2002.
Myristic + 1-dodecanol (17:83) 18 181 Kumar et al., 2017
31% Na2S04 + 13% NaCl + 16% KCI1 +
40% H20 4 234 Sharma, 2004.
K2S04 + Carboxymethyl cellulose +
(NaPO3 )6 + borax + boric acid (76 + 10.3+
36+2+32+0.1+24+24) 8.2 114 Liu et al., 2007
55% CaCl2 -6H20 + 55% CaBr2 -6H20
14.7 140 [28] NaOH (3/2) H20 15 140 Cabeza et al., 2011
Rubitherm T3(RT3) Paraffin 3 198 Rubitherm, 2021
RT4 Paraffin 4 182 Rubitherm, 2021
RTS5 Paraffin 5.2 158 Rubitherm, 2021
RT6 Paraffin 6 175 Rubitherm, 2021
MPCM (6) Paraffin 6 167 Microteklabs,2021
ClimSel C7 Organic 7 130 Climator, 2021
PureTemp 8 Organic 8 180 Puretemp, 2021
PCM-OMOS8P Organic 8 190 Zhang et al., 2021
PCM-OM11P Organic 11 260 Zhang et al., 2021
A8 Organic 8 150 Epsltd, 2021.
RT 8 Organic 8 180 Rubitherm, 2021
RT 9 Organic 9 160 Rubitherm, 2021
A9 Organic 9 140 Epsltd, 2021.
RT10 Organic 10 150 Rubitherm, 2021
RT 10 HC Organic 10 195 Rubitherm, 2021
S1 0 Organic 10 155 Cristopia, 2021
PureTemp 12 Organic 12 185 Puretemp, 2021
RT12 Organic 12 150 Rubitherm, 2021
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