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a b s t r a c t

The use of passive cooling techniques has been seen as one of the solutions that can help to reduce energy
consumption in the building sector. An innovative element that allows the combined use of two passive
cooling techniques, evaporative cooling and night ventilation, is proposed in the present work. In order to
optimize the use of those techniques it was decided to include in the element configuration a core com-
ponent with latent heat storage capabilities. Briefly it can be said that the element is composed by the
accumulating core, consisting of a cement mortar vertical panel impregnated with paraffin, with two
adjacent channels for air circulation. The element, whose configuration should allow its integration into
the buildings envelope, has a parallelepiped shape with one air inlet and one air outlet in each of its oppo-
site faces, the exterior and the interior ones. The core surface adjacent to the exterior channel is main-
tained continuously wetted by a water sprinkler system integrated in the element. The airflow in each
channel is provided by tangential fans mounted on top of the element. The paraffin wax used corresponds
to a commercial wax with phase transition range near 21 !C, slightly below typical comfort temperatures.
A prototype of the element was constructed and subjected to a series of experimental studies that aim to
know its response in operating conditions similar to real ones. These studies took place in a climate
chamber for a wide range of conditions. The results suggest that the proposed element exhibits the
potential for passive cooling of buildings. It was concluded that the paraffin wax incorporation in the
cement mortar core has substantially improved the capacity of thermal energy accumulation of the ele-
ment, that the evaporation process on the outside surface of the core provides a substantial temperature
reducing of the core, and that its use also during night-time periods allows to cool the core well below the
outside temperatures, thus maximizing the possibility of application of night ventilation.

" 2013 Elsevier Ltd. All rights reserved.

Introduction

Energy demand increased continuously in last decades and it is
expected to continue to increase in the near future. Accordingly to
the U.S. Department of Energy projection, world primary energy
consumption in 2030 will be 44% higher than it was in 2006 [1].
On the other hand, one-third of the world population still has no
access to basic energy services, which means that to ensure an
equitable development on the planet, more energy is required. In
2007, 2.4 billion people were using charcoal, agricultural waste
or animal waste as energy source for cooking, and 1.6 billion peo-
ple worldwide live without electricity [2]. A significant portion of
global energy consumption occurs in the building sector. For exam-
ple, in the European Union, buildings consume more energy than
any other sector of the economy, about 40% of the total energy
consumed. Additionally, energy use for climatization purposes

accounts with the largest share in the global energy consumption
of buildings, about 60% in the European Union [3]. It has been re-
cently observed, with particular emphasis on developing countries,
a growing demand for cooling in the building sector. Factors as the
rising expectations of comfort of buildings occupants, the urban
heat island effect felt in densely built cities, the increase of the
internal heat gains of buildings, the reduction of the cost of cooling
equipments, the increase in household disposable income and an
architecture often little concerned with local climate characteris-
tics have contributed to such phenomena [4–6]. A future increase
of cooling demand is also estimated in the developing countries
as personal income is expected to increase in these countries [7].

The present work proposes an element for passive cooling of
buildings that allows the combined use of techniques such as,
evaporative cooling, night ventilation and latent heat storage.
The element configuration has been designed in such a way that
permits its integration in the building envelope.

The study of passive or low energy solutions for cooling of
buildings has received attention in several studies. The use of such
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cooling techniques combined with an architecture designed for lo-
cal climate conditions can significantly reduce, or even eliminate,
the need for other forms of cooling. It should additionally be noted
that the use of passive cooling techniques represents the possibil-
ity of providing cooling at low cost to people with less economic
capabilities which, in some locations, suffer intensely with extreme
summer weather conditions. Evaporative cooling is one of the
techniques that can be used in passive cooling of buildings. The
indirect cooling of the interior of the building by evaporative cool-
ing of an element of its envelope, such as the roof or a wall, repre-
sents a possible application of such technique [8–10]. Passive
cooling of buildings through the use of night ventilation has also
received the attention of many authors. Given the limited period
during which the outside temperature is suitable for cooling, the
use of mechanical equipment to promote the ventilation is often
preferred to the use of natural ventilation technique [11–13]. Since
the success of night ventilation dependent on the ability to dis-
charge in the coldest air of the night the heat gains absorbed by
the structural mass of the building during the day, the heat capac-
ity of structural mass is a factor that influences significantly the
performance of this technique. For this reason it has also been
studied the possibility of combining the night ventilation with la-
tent heat storage by direct integration of phase change materials in
the thermal mass of buildings [14–16].

Experimental setup

The present work proposes an innovative element for passive
cooling of buildings. It included the construction of a prototype
of the element and its study in a climatic chamber where a wide
range of conditions were experimentally imposed. The proposed
element is composed by an internal panel, with 760 ! 600
! 12 mm3, made of cement mortar with paraffin. The paraffin, with
solid/liquid transition temperature range near 21 !C, was added to
the cement panel by immersion of the cured panel in a liquid
paraffin bath at 55 !C. Table 1 shows additional properties of the
used paraffin.

The mass of the cement mortar panel was 11.89 kg before par-
affin incorporation and 12.46 kg after paraffin incorporation. This
means that the immersion process resulted in a paraffin absorption
by the mortar panel of about 4.8% by weight.

Once dry, the panel was sealed by applying a waterproof mem-
brane to allow the continuously wetting of one of its surfaces when
in operation. To optimize the evaporative cooling process to take
place in that surface, it was still coated with one textile fabric pre-
viously selected [17]. This panel was mounted in the core of the
element with two adjacent channels for air circulation, as can be
seen in Fig. 1. The element has a parallelepiped shape with one
air inlet and one air outlet in each of its opposite faces, the exterior
and the interior ones. The exterior air channel draws air from the
exterior and exhausts it directly to the exterior. In a similar way,
the interior air channel draws air from the interior of the building
and ventilates it again to the interior of the building. The airflow in

each channel is provided by tangential fans mounted on top of the
element.

The exterior walls of the element are made of water resistant
MDF (medium density fiberboard) and in its internal structure
oak beams were also used. The element walls in contact with the
interior and exterior of the building were isolated with extruded
polystyrene boards. The core surface adjacent to the exterior chan-
nel is maintained continuously wetted by a water sprinkler system
integrated in the element.

Type T thermocouples were distributed in the element core and
channels to provide temperature measurements. Additionally, two
heat flux sensors were placed in the core surfaces, one in one each,
to measure the heat flux entering and leaving the element core. A
closed water circulation system was used to distribute and collect
the water used to maintain the core surface continuously wetted.
After its construction, the prototype of the element was subjected
to a series of experimental studies that took place in a climate
chamber composed of two chambers representing indoor and out-
door conditions. These chambers were connected to independent
air conditioning systems capable to control the temperature and
humidity in each chamber.

Results and discussion

With the aim to evaluate the efficiency of impregnation of the
cement mortar with paraffin in the different pore sizes, porosime-
try tests were conducted with the cement mortar with and without
paraffin. Tests were performed on a mercury intrusion porosime-
ter, Micromeritics, Autopore IV 9500, considering for mercury a
contact angle of 130! and a surface tension of 0.485 N/m, at
25 !C. Tested samples had approximate dimensions of 10 mm edge
and 20 mm height, with masses between 6 and 9 g. Fig. 2 shows
the incremental intrusion volume per unit weight of mortar, for
different pore diameters, on a mercury intrusion cycle with pro-
gressive increase in pressure. The cement mortar presents typical
pore size distribution of cement mortars [18] with an average
diameter of 0.1 lm, around which the largest number of pores
are concentrated. It has also a small percentage of larger pores
(capillary pores) with an average diameter of 160 lm. It was not
detect a significant number of pores in the ranges between 40
and 2 lm. The cement mortar with paraffin presents a similar pore
distribution, with a reduction of the intrusion volume for all pore
diameters, which mean that the paraffin was uniformly impreg-
nated. However, it appears that in the region of pores with smaller
diameter, less than 0.05 lm, the reduction is more significant, with
negligible mercury intrusion.

A differential scanning calorimeter, Netzsch, DSC 204 Phoenix,
was used to determine the specific heat of cement mortar without
paraffin and the apparent specific heat of the cement mortar with
paraffin. As can be seen in Fig. 3, the specific heat of the cement
mortar has a value close to 0.75 J/gK, approximately constant in
the temperature range considered. This value presents good agree-
ment with values obtained in the literature for standard cement
mortars with similar composition to the one here employed [19].
The figure also exhibits the apparent specific heat for the cement
mortar with paraffin. As it can be seen, the incorporation of the
paraffin in the cement mortar led to the appearance of a phase
transition region corresponding to the solid/liquid transition of
the paraffin at a temperature close to 22 !C. The experimental mea-
surements associated with the calculation of the specific heats
were carried out with heating rates of 5 K/min, purge gas flow rate
of 25 ml/min, paraffin sample of 7.5 mg and synthetic sapphire
sample, according to the procedure used in [20].

The values of the thermal conductivities of the cement mortar
and of the cement mortar with paraffin were also determined by

Table 1
Paraffin wax thermophysical properties.

Molar mass 244 kg/kmol
Melting temperature 22.0 !C
Solidification temperature 20.0 !C
Density at 15 !C 870 kg/m3

Density at 70 !C 750 kg/m3

Thermal conductivity 0.2 W/mK
Heat capacity between 11 and 26 !C 172 kJ/kg
Specific heat in the solid phase 1.8 kJ/kg K
Specific heat in the liquid phase 2.4 kJ/kg K
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an experimental procedure supported on the ASTM C 518 [21]. The
obtained values, 0.46 W/mK for the cement mortar and 0.47 W/mK
for the mortar with paraffin, show that the incorporation of paraf-
fin does not introduce relevant changes in the value of thermal
conductivity of the mortar.

Fig. 4 shows the temperature of the element core for a set of
tests where different temperature and relative humidity of the
exterior chamber, i.e., the chamber that represents outside condi-
tions, were imposed. Results correspond to steady state conditions
with the interior chamber at a constant temperature of 22 !C and
air flow rates of 968.8 kg/h in both channels. As it can be observed,
the core temperature values are strongly influenced by the exterior
relative humidity and are considerably lower than the correspon-
dent exterior temperature ones, even in the cases when the exte-
rior temperature was 18 !C, typical night-time period values.

Figs. 5 and 6 show the temperature differences between exte-
rior and interior chambers for a set of tests where conditions were
imposed on the exterior chamber and where conditions in the inte-
rior chamber were left free. Tests were preceded by a homogeniza-
tion period with temperature chambers of 22 !C. After that,
exterior chamber temperature was set to 30 !C. Exterior chamber
relative humidity values were 30%, 50% and 70%, respectively, for
each test. In this second period there was no water circulation in

the element, which means that no evaporative cooling was occur-
ring. Results shown in Fig. 5 were obtained in this period. As it can
be seen, the temperature difference quickly increased in the first
moments of this test period, but was then decreasing until the
end of the test period, when it took a value close to 0.8 !C. Water
circulation system was set on at that time, with the corresponding
results shown in Fig. 6. Water temperature was adjusted in a water
bath so it matches at that moment with the core temperature.

Temperature differences started to increase after setting on the
water circulation systems. At the end of the test, those differences
were of 1.9 !C for the higher exterior relative humidity test, and of
5.4 !C for the lower exterior relative humidity test. It is again evi-
dent the influence of exterior humidity in the cooling proposes.

Fig. 7 shows the energy per unit area stored in the element core,
obtained by integrating the balance between heat fluxes measured
in the core surfaces. Results refer to a test where element was sub-
jected to a sequential process that made the paraffin change from
solid to liquid phase and then from liquid to the solid phase. In the
charging period the interior and exterior cameras were set, respec-
tively, to 16 and 38 !C. After that, in the discharging period the
interior and exterior cameras were set both to 16 !C.

Zero value was assigned to the stored energy at the end of the
homogenization process that preceded the phase change

Fig. 1. Interior layout of the element.
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Fig. 2. Incremental pore volume of the cement mortar and of the cement mortar with paraffin.
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Fig. 3. Specific heat of the mortar and apparent specific heat of the mortar with paraffin.
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processes. From figure, can be seen the charging and the discharg-
ing processes, the evolution of the stored energy per unit area of
the core, and their correspondence with the evolution of the core
temperature. Energy stored in the heating process, from 16.1 to
26.6 !C, was 298.5 kJ/m2, and energy lost in the cooling process,
from 26.6 to 15.9 !C, was 303.3 kJ/m2. Correspondent results ob-
tained from the integration of the apparent specific heat of cement
mortar with paraffin, in the same temperature ranges, led to values

of 324.7 kJ/m2 for heating process and 329.9 kJ/m2 for cooling pro-
cess, which show good agreement with values previously pre-
sented. Calculations done for a simple mortar cement core,
without paraffin, for the same temperature ranges, result in
196.9 kJ/m2 stored in the heating process and 199.4 kJ/m2 lost in
the cooling process. The stored energy in the cement mortar with
paraffin core is about 65% higher than those corresponding to sim-
ple mortar core.
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Fig. 4. Temperature in the cement mortar with paraffin core.
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Fig. 5. Temperature difference between exterior and interior chambers – test period with no water circulation.
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It was also performed a particular study that compared the
applicability of the proposed element in different regions of Portu-
gal. Climatic data were collected from Portuguese climatic repre-
sentative cities and the correspondent core temperature was
calculated by Lagrange linear interpolation. Results are exhibited
in Table 2 and include the expected temperature difference ob-
tained between the core of the element and the exterior tempera-
ture for each of the considered cities. In order to rank the

applicability of the element to those cities, a dimensionless param-
eter named the applicability factor was also determined. It corre-
sponds to the ratio between two temperature differences. In the
numerator appears the difference between the outside tempera-
ture, for each city, and the correspondent core temperature. The
denominator refers to the difference between the outside temper-
ature for the warmest city and the correspondent core tempera-
ture. Results show that the element is particularly suitable in
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Portuguese interior regions, where higher temperatures and lower
humidities are felt, or even in coast south region with higher tem-
peratures. In the other cities it can be used to reduce the cooling
loads, in combination with mechanical refrigeration systems.

Conclusions

An innovative element for passive cooling of buildings was pre-
sented and its construction details discussed. It has an accumulat-
ing core, consisting of a cement mortar vertical panel impregnated
with paraffin, with two adjacent channels for air circulation, pro-
vided by tangential fans. The element has a parallelepiped shape
with one air inlet and one air outlet in each of its opposite faces,
the exterior and the interior ones. The core surface adjacent to
the exterior channel is maintained continuously wetted by a water
sprinkler system integrated in the element. Mercury intrusion
porosimetry tests revealed that the paraffin incorporation in the
cement mortar was considerably uniform over all pore diameters,
although it was slightly higher in smaller pores. Calorimetric anal-
ysis made with cement mortar samples and cement mortar with
paraffin samples allow the determination of their specific heats.
In the cement mortar with paraffin case it was observable a phase
transition region corresponding to the solid/liquid transition of the
paraffin at a temperature close to 22 !C. Climatic chamber tests
performed with the element, in a wide range of outside conditions,
revealed that, in general, the temperature values obtained in the
cement mortar with paraffin core are compatible with thermal
comfort applications. Even in situations where the outside temper-
ature was considerably high, 35 !C, the temperature core values
were significantly reduced, with differences to outside tempera-
ture of "13 !C in the case where outside humidity was 30%. It
was also noted that for night-time outside conditions, the presence
of the evaporation process allows the cooling of the core element
to temperatures well below the outside temperature, which proves
the utility of evaporative cooling during this period in addition to
night ventilation. Confrontation of results for the stored energy
in the element core, during a complete phase change of the paraffin
presented in the core, with those obtained by specific heat integra-
tion for an equivalent core made exclusively with cement mortar
shows a 65% increase.
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Table 2
Applicability of the proposed element in some representative Portuguese cities.

City Maximum
temperature in
the warmest
month (!C)

Mean relative
humidity in the
warmest
month (%)

Observations Temperature in
the core (!C)

Temperature
difference
between exterior
and core (!C)

Applicability
factor

Beja 34.4 50 Interior – South 25.0 9.4 1.00
Castelo Branco 32.3 48 Interior – Center 23.6 8.7 0.93
Bragança 30.1 51 Interior – North 22.6 7.5 0.80
Faro 30.8 63 Coast – South 24.6 6.2 0.66
Lisboa 30.3 64 Coast – South/Center 24.4 5.9 0.63
Porto 26.3 74 Coast – North 22.9 3.4 0,36
Ponta Delgada 24.8 78 Islands 22.0 2.8 0.30
Funchal 24.5 76 Islands 21.8 2.7 0.29
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