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INTRODUCTION

The problem of fruit and vegetables storage 
is still the subject of research of many scientists 
around the world. The research in this respect fo-
cus primarily on the search for more and more 
effective, and at the same time more energy-effi-
cient ways of their storage. In works devoted to 
the storage a lot of space is devoted to determine 
indicators that facilitate the assessment, predic-
tion and management of crop’s quality, both in 
the period of their storage and outside that period 
[Delaire et al. 2015, Harker et al. 1997, Siddiqui 
and Bangerth 1995, Palmer et al. 2010, Saei et al. 
2011]. The ability to influence the quantitative and 
qualitative characteristics of stored vegetables and 
fruit are closely related to the appropriate regula-
tion and ensuring optimum microclimate inside 
the storage facility and storage time [Marks 2011, 
Krzysztofik and Łapczyńska 2008]. A method of 
forming temperature and humidity conditions in 
storage facilities depends mainly on the type of 
the building. The greatest impact of the external 
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ABSTRACT
The paper presents the analysis of hygrothermal conditions of external partitions in 
an underground fruit store. The results of measurements of temperature and humidity 
of the indoor and outdoor air as well as the surface surrounding temperature and the 
temperature of the air surrounding the store constituted the boundary conditions for 
the hygrothermal calculations. The paper presents the calculation of the distribution of 
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external walls. The condition of the adaptation of a traditional cold store to a simple and 
atmosphere controlled cold one is to increase the thermal resistance of the partitions. 
Such a solution will let cut the energy demand in those types of agricultural buildings.
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climate on the internal conditions is observed in 
traditional storage buildings, which are cooled 
with cold external air via natural ventilation. 
In cold stores, the cooling effect of the external 
climate on the internal microclimate is smaller, 
thanks to the cooling system combined with me-
chanical ventilation of storage chamber. The most 
preferred solution, from the point of view of pro-
viding the best conditions for crop’s storage, are 
cold stores with controlled atmosphere, in which 
it is possible to determine very precisely, not only 
the temperature and relative humidity of internal 
air, but also the gas composition and air move-
ment in the storage chamber [Chądzyński and 
Piróg 2013]. The type of the used storage facility 
is associated with the adoption of appropriate ma-
terial and design solutions of external partitions. 
Improperly designed partitions may significantly 
increase energy expenditure, incurred in order 
to ensure an adequate microclimate in the cold 
chamber [Janczarek 2010]. In terms of long-term 
use of the building it is very important to protect 
the external partitions from the damaging effects 
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of moisture, and in particular against submerged 
condensation of water vapor [Radoń and Künzel 
2006 Nawalany et al. 2015]. In storage buildings, 
the ground occurring beneath the building plays 
a very important role in shaping thermal con-
ditions of partitions and internal microclimate, 
and in the case of earth-sheltered facilities also 
the ground adjacent to external walls [Radon et 
al. 2003 Nawalany et al. 2003]. Creation of suit-
able thermal and humidity conditions in external 
partitions of storage facilities depends primarily 
on the material and design solutions taken. The 
significance of this phenomenon may increase in 
the case of adaptation of traditional storages for 
cold stores.

PURPOSE AND SCOPE OF WORK

The aim of the study was to investigate the 
temperature and humidity conditions of partitions 
in traditional storage and in earth-sheltered fruit 
cold store. 

The scope of the study included the creation 
of a calculation model and its validation based 
on the results of field studies. Using calculation 
model simulations were carried out for three cal-
culation variants. Their results were subjected to 
comparative analysis.

MATERIALS AND METHODS

Field studies were carried out in a traditional 
fruit storage, located in the Małopolskie Voivode-
ship. During analyzed period, from October to 
May, it stored two varieties of apples: champion 
and golden delicious. The use of cooling units 

helped extend the storage time of fruit. The cham-
ber used gravitational ventilation and humidifica-
tion, by pouring the floor with water. The model 
used for calculation is presented in Figure 1.

For calculations of thermal and humidity 
conditions in external walls of the studied facil-
ity a WUFIplus computer software was used. 
The results of field tests were used to validate the 
calculation model. Validation of theoretical cal-
culations showed very good agreement with the 
results of field tests. Validated model was used to 
perform calculations, based on the statistical cli-
mate for meteorological Kraków-Balice station. 
Calculation of 1-hour time step was assumed and 
the results were averaged for daily data. Table 1 
summarizes the material and design solutions of 
external partitions adopted in the model.

Physical parameters of building materials 
used in temperature and humidity calculations of 
partitions were adopted on the basis of PN-EN 
ISO 6946 norm and are summarized in Table 2. 

A detailed analysis of thermal and humidity 
conditions of partitions was conducted in terres-
trial and earth-sheltered partitions.

Calculations of the distribution of tempera-
ture and moisture in partitions were conducted for 
a 1 year period, taking into account the division 
into storage period, lasting from October to May 
and into technological break, lasting from May to 
September.

RESULTS AND ANALYSIS

The Figures 2–4 show the course of tem-
perature and relative humidity of internal and 
external air for three calculation variants under 
consideration.

Figure 1. Calculation model generated in WUFI plus program
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Table 1. Basic technical assumptions adopted for the calculation conditions

Assumptions Variant I Variant II Variant III

Type of facility traditional earth-sheltered 
storage

earth-sheltered storage with 
thermal insulation of external 

partitions

earth-sheltered 
cold store

Ventilation natural natural mechanical

Cooling no no yes
Temperature required inside 
the object 0–3 °C

External walls construction 24 cm cider-concrete block 10 cm XPS styrofoam, 
24 cm cider-concrete block 

10 cm XPS styrofoam, 
24 cm cider-concrete block 

Construction of walls adjacent 
to the ground

24 cm cider-concrete block, 
PCV moisture-proof isolation 

10 cm XPS styrofoam, 
24 cm cider-concrete block, 
PCV moisture-proof isolation

10 cm XPS styrofoam, 
24 cm cider-concrete block, 
PCV moisture-proof isolation

Construction of the floor on 
the ground

10 cm cement screed,
 PCV moisture-proof insulation, 

10 cm C12/15 concrete,
30 cm sandy gravel

10 cm cement screed, 
PCV moisture-proof insulation, 

10 cm C12/15 concrete,
30 cm sandy gravel

10 cm cement screed, 
PCV moisture-proof insulation, 

10 cm C12/15 concrete,
30 cm sandy gravel

Construction of the ceiling 
above the storage chamber

20 cm monolithic reinforced 
concrete slab

20 cm monolithic reinforced 
concrete slab, 

10 cm XPS styrofoam

20 cm monolithic reinforced 
concrete slab, 

10 cm XPS styrofoam

Table 2. Technical characteristics of materials used in theoretical calculations

No. Building material
ρ c λ Thickness

[kg·m-3] [J·kg-1·K-1] [W·m-1·K-1] [m]

1 Cider-concrete block 1100 840 0.63 0.240

2 PCV moisture-proof insulation 1000 1500 0.16 0.001

3 Concrete 2220 850 1.60 0.100–0.250

4 XPS styrofoam 40 1500 0.03 0.100

5 Sand bed under the floor on the ground 1579 850 0.50 0.300

Figure 2. The course of internal air temperature (Θi) against external air temperature (Θe) 
and relative humidity of internal (Rhi) and external air (Rhe) for variant I
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Figure 3. The course of internal air temperature (Θi) against external air temperature (Θe) and relative humidity 
of internal (Rhi) and external air (Rhe) for variant II

Figure 4. The course of internal air temperature (Θi) against external air temperature (Θe) and relative humidity 
of internal (Rhi) and external air (Rhe) for variant III
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In traditional storage, where partitions did 
not have thermal insulation (variant I), and in 
traditional storage, in which thermal insulation 
was applied (variant II) an external climate had 
a large influence on the creation of internal mi-
croclimate. In the second calculation variant the 
application of thermal insulation during storage 
period (October-May) had no significant effect 
on the change in temperature inside the storage 
chamber. During technological break (June-Sep-
tember), the average daily temperature inside the 
chamber was higher by approx. 1°C in storage, 
which used thermal insulation of partitions. The 
application of cooling (variant III) resulted in sta-
bilization of internal air temperature at the level 
of 0-3°C for a storage period. Cooling of air in 
the chamber resulted in increased average daily 
values   of internal air relative humidity in relation 
to other variants. This contributed to an increase 
in the risk of condensation of moisture on the in-
ternal surfaces of partitions. During technological 

break the variability of temperature and humidity 
parameters of internal air for all three calculation 
variants followed a similar pattern. 

The results of calculation analysis showed a 
strong influence of the ground occurring beneath 
the building on thermal stabilization of the floor. 
During storage period water was poured on stor-
age floor in order to provide the required relative 
humidity inside the chamber. During technological 
break the concrete floor in the chamber dried out. 
The average surface temperature of the floor dur-
ing storage period was in the range of 1.0–3.4°C in 
variant III (cooling chamber). In variants I and II 
was respectively of 1.3–6.9°C and 1.2–6.8°C.

The results of detailed thermal and humidity 
analysis of external wall that was in contact with 
external air are shown in Figures 5 and 6.

The results of thermal and humidity analysis 
of external wall that was in contact with external 
air showed that in the period from December to 
March there occurs a cyclical freezing and thaw-

Figure 5. The course of temperature on the external (Θ1(I), Θ1(II), Θ1(III)) and internal (Θ3(I), Θ3(II), Θ3(III)) wall sur-
face and on the axis of partition’s construction layer (Θ2(I), Θ2(II), Θ2(III)): a) variant I, b) variant II, c) variant III
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ing of partition throughout the whole cross-sec-
tion. The observed phenomenon may affect the 
durability and deterioration of partition’s techni-
cal parameters, as a result of its accelerated de-
struction process. The application of thermal in-
sulation on internal surface of external wall, that 
was in contact with the air during winter, causes 
the risk of freezing of partition throughout its 
cross-section. In variants II and III, the internal 
overhead wall surface temperature values were 
above 0°C throughout the whole tested period. 
During storage period the insulation layer con-
tributed to a drop in relative humidity in this par-
tition by approx. 2% (Figure 7)

Partitions being in contact with the ground 
are characterized, in terms of temperature and 
humidity aspects, with a big impact of this facil-
ity. In none of tested variants no freezing process 
was observed in partitions being in contact with 
the ground. The application of thermal insula-

Figure 6. The course of relative humidity on the external (Rh1(I), Rh 1(II), Rh1(III))) and internal (Rh3(I), Rh3(II), Rh3(III)) wall 
surface and on the axis of partition’s construction layer (Rh2(I), Rh2(II), Rh2(III)): a) variant I, b) variant II, c) variant III

tion on the inside contributed to an increase in 
temperature of wall’s internal surface by an aver-
age of 1.5°C for storage period and by 7 °C for 
technological break. 

The course of average monthly relative humid-
ity values in the wall adjacent to the ground depend-
ing on the adopted variant is shown in Figure 8.

The results of comparative analysis of tested 
variants, in terms of the application of thermal 
insulation, have shown that the application of 
thermal insulation on construction wall’s internal 
surface being in contact with the ground, contrib-
utes to a decrease in relative humidity in tested 
partition by an average of 5-8%. The calculation 
results showed that outside the storage period, 
in terrestrial partitions, a decrease in relative hu-
midity, regardless of any thermal insulation is 
observed. In partitions being in contact with the 
ground no reduction of relative humidity value 
outside the storage period was observed.
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The application of ceiling thermal insula-
tion located between the cooling chamber and 
unheated box’s storehouse, contributed to the 
reduction of the risk of condensation of water 
vapor on its internal surface. In the period from 
October to May, the average temperature in the 
whole cross-section of the ceiling ranged from 
0.8–7.3 °C and the relative humidity ranged 
from 70% to 86% (variant I). Variants 2 and 3 
showed an increase in the temperature difference 
between the internal and the external surface of 
the ceiling, which was approx. 3°C (variant II) 
and 5 °C (variant III).

 

CONCLUSIONS

1. In traditional fruit storage the temperature in 
walls from terrestrial part of chambers ranged 
from –6 to 22 °C, whereas in partitions being 
in contact with the ground from 2 to 12 °C. 

2. The adaptation of traditional storage for cold 
store and the application of thermal insulation 
in chambers’ partitions resulted in a increase 
in temperature variation in walls from terres-
trial part (–12 to 20 °C).

3. The storage facilities equipped with active 
cooling system allow favorable and stable ther-
mal conditions for stored products but in winter 
period the temperature in whole cross-section 
of walls from terrestrial part fell below 0 °C.

4. The application of thermal insulation on the 
internal surface of walls being in contact with 
the ground does not cause an increased risk of 
partition’s freezing. 

5. The application of thermal insulation on the 
internal side of the partition contributes to an 
increased risk of moisture, which may result 
in a reduction in partition’s durability due to 
the transfer of freezing zone and water vapor 
condensation inside the partition.

Figure 7. A comparison of average monthly relative humidity values (Rh2 – variant I, Rh2(I) – variant II, 
Rh2(AC) – variant III) in storage’s construction wall (terrestrial partition)

Figure 8. A comparison of average monthly relative humidity values (Rh2 – variant I, Rh2(I) – variant II, 
Rh2(AC) – variant III) in storage’s construction wall (underground partition)
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