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Phase Change Materials (PCM), being able to supply dynamic thermal capacity due to their
relatively high enthalpy of fusion, have largely shown a great potential for energy saving in
buildings. Bio-compatible nanostructured shape-stabilized PCMs, with a specifically
designed core-shell structure, already reported in a previous work, were studied here, with
reference to lightweight constructions, carrying out dynamic simulations, adopting a multi-
parametric approach. Suitable figures of merit for thermal comfort indoor were adopted,

1. INTRODUCTION

Phase change materials (PCMs) can store large amounts of
latent thermal energy in building components, during phase
transition, occurring at their melting temperature (Twm) [1-2].
The amount of heat storage depends upon the chemical bonds
to be broken across the phase transition at constant pressure.
This behaviour may lead to energy saving and improved
indoor comfort. The typical classification of PCMs includes
organic, inorganic and eutectic [3]. Paraffins, esters, fatty
acids and alcohols [4] are organic PCMs whereas salt hydrates
and metals are inorganic PCMs [5]. The most relevant
properties of PCMs are: latent heat of transition per unit mass,
Tw, specific heat and thermal conductivity.

In buildings, PCMs can contribute to effectively redistribute
thermal loads, by embodying them especially in walls and
floor elements [6]. Paraffinic wax embodied in lime plaster
enhances heat capacity [7] and opens new chances in building
refurbishment [8]. It has been demonstrated that the latent heat
storage of a PCM-doped (24 % in mass) plaster can be
increased from 0.4 kJ/(kg K) to about 2.1 kJ/(kg K), or from
against 0.77 kJ/(kg-K) to 1.6 kJ/(kg-K) [9-10].

In lightweight constructions, PCMs offer the advantage of
compensating for the low thermal inertia value of the wall, due
to the limited weight of the materials used to fabricate it. In
this way, combining the PCMs with thermal insulating
materials, it is possible to achieve the double benefit of
damping and attenuating the incident thermal wave.

Fiorito [11] used the software platform Energy Plus [12],
developed by the U.S. Department of Energy’s Building
Technology Office, to simulate the effect of PCMs in a test
room, operating without any HVAC system. It was observed
that the benefits in terms of indoor comfort (Time non
Comfortable hours, according to ASHRAE 55-2010 adaptive
thermal comfort model) were proportional to the thickness of
PCM layer, but only up to 6 cm and that in very well insulated
buildings the thermal insulation lowers the effectiveness of
PCMs, if used in the innermost layers.
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In another work, hydrated salt, melting at about 28 <C, was
encapsulated in specially designed containers having a size of
1 mm to be embodied in PCM-enhanced frame walls, in
California. Energy saving of 9.21 kWh/(m? yr) were achieved
[13]. Navarro et al. [14] demonstrated HVAC system saving
between 30 % and 55 %, adopting the slab as a PCM storage
unit. To this aim, 52 kg of RT-21 paraffin were used,
encapsulated within 1456 aluminium tubes, with a diameter of
12 mm. A large number of studies have appeared, employing
paraffinasa PCM [15], for its suitable Ty but also its relatively
high latent heat (244 kJ/kg). Anyway, it has been observed that
the widespread usage of PCMs in constructions is linked to
narrower temperature range of the phase change process as
well as a reduction of process costs [16]. In this roadmap, the
advantage of nanoscale effects might improve thermo-
physical and physicochemical properties, offering the chance
to exploit Nano-enhanced features of PCM materials. Several
research activities are currently working on this challenge [17].
Nano-enhanced PCMs can include certain amounts of
dispersed nanomaterials to improve some figures of merit,
such as a low value of thermal conductivity [2]. Copper, titania,
alumina, silica and zinc oxide nanoparticles (NPs) have been
used as additivies in PCMs and underwent thermal
investigations [18], showing that the highest increase of
thermal conductivity and latent heat storage in paraffins can
be attained by using titania NPs. That work concluded that a
detailed risk assessment should be considered when using
Nano-enhanced PCMs in buildings and that further work is
still needed to explore the effect of NPs in thermal
conductivity of PCMs, in order to understand the
intermolecular interaction standing at the basis of the
performance enhancement, involving molecular and
macroscopic scales.

A completely different route towards Nano-enhanced PCMs
is represented by their encapsulation within Nano-shells [19]
or nanofibers [20]. Leakage in the liquid phase can be avoided
by designing suitable processes of shape-stabilization via
micro- or Nano-encapsulation, effecting an increase of heat



transfer depending on the larger available surface area of
micro- and nanoparticles, compared to microcapsules [21].
The first positive effects of Nano-encapsulation are to provide
shape-stabilization and protect of PCMs from the surrounding
environment. Nano-PCMs can be obtained by different
synthetic routes, ranging from sol-gel to mini-emulsion,
emulsion and in situ polymerization [22]. For instance,
polystyrene and n-heptadecane micro-/Nano capsules were
synthetized by emulsion polymerization route. The small
capsules ranged from 10 nm to 40 nm [23]. With the aim to
encapsulate PCMs in Nano-shells, amorphous silica is a
material with several advantages: compatible values of high
heat storage capacity and thermal conductivity [24], bio-
compatibility and non-toxicity for living organisms and the
environment [25-26]. Silica shells can effectively host PCMs
within their core [27].

Silica spheres with n-octadecane core (melting between 23
and 28 <C) were synthesized using an inorganic precursor
(TEQS) in a sol-gel process [28]. Belessiotis et al. [29]
reported silica shells embodying a paraffin core: these
structures were obtained via sol gel method, with a latent heat
ofabout 156 kJ/kg. Latibari et al. [30], in the other hand,
reported silica Nano-shells with palmitic acid core, adopting a
multistep sol-gel method. The efficiency of encapsulation, (i.e.
the percent ratio between the latent heat of the encapsulated
PCM and that of the pure PCM) varied from 83.25% to
89.55 %. In that work, nanoparticle size ranged between 183.7
nm and 722 nm. The relatively high Twm of the palmitic acid
(61<C) does not make them good candidates for the application
in buildings.

Not only Ty influences the choice of a good PCM for use in
buildings also their cost plays a significant role. According to
Kosny et al. [31], a cost-effective PCM with a latent heat as
high as 116 kJ/kg should be projected to be 4.4-6.6 USD/kg.
In this roadmap, the exploitation of nanoscale effect, to
enhance process costs and reduce the use of raw materials,
could be significant.

PCMs for building applications should be produced by
means of environmental-friendly processes and raw materials.
For example, paraffins are inflammable and probably
carcinogen (source: Sigma-Aldrich). Other materials, like
Polyethylene-glycol-600 (PEG600), are biocompatible, inert,
water soluble, inexpensive and quite prone to customizing
nanostructures [32]. PEG600 is used in the biomedical field,
according to Food and Drug Administration for many
applications [33]. Moreover, the Tm is around 20-22<C
(Source: Sigma-Aldrich), well compatible with the range of
comfortable indoor temperatures.

In a previous work [34], we designed, synthesized and
characterized SiO.@PEG600NPs with a diameter of (300 +15)
nm, adopting a one step and highly reproducible route. The full
physical,  chemical, thermal and  morphological
characterization preceded an in vitro toxicological assessment.
The latent heat storage capacity, expressed by an enthalpy of
66.24 kJ/kg within a tight Ty range, centered at 20-21<C, make
them reliable shape-stabilized Nano-PCMs for thermal energy
storage in building applications. The thermal figures of merit
of this newly conceived Nano-PCM were used in that work as
an input to perform simulations in order to demonstrate the
attainable energy savings consequent to the integration of
certain percentage of SiO,@PEG600 NPs (50 %) within
building gypsum plasters. To this aim, we compared a
reference apartment to one equipped with the proposed
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material applied over all internal and horizontal plastered
surfaces.

The idea behind the present work is to verify the
applicability of this novel material in buildings characterized
by light envelopes, at different levels of thermal insulation. For
this purpose, we obtained the energy consumption for HYAC
occurring on an annual basis and the consequent reduction,
following the use of Nano-PCM in different locations (Milan,
Brindisi, Riyadh). Afterwards, the effect of PCM on the
number of hours of comfort on the winter season was verified,
according to standard EN 15251 [35].

2. METHODS
2.1 Nano-PCM synthesis and characterization

The encapsulation of PEG600 (1mM) in a silica shell was
carried out following the so called Stcher method [36] with
some modifications obtaining monodispersed NPs with a size
of about 300 nm [34]. A JEOL Jem 1011 microscope (JEOL
USA, Inc), operating at an accelerating voltage of 100 kV, was
used to make TEM characterizations: 10 i of solution
containing NPs dispersed in water were dropped on carbon-
coated copper grids (Formvar/Carbon 300 Mesh Cu) (Figure

1).
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Figure 1. Representative TEM image of SiO2@PEG600 NPs
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Figure 2. Differential scanning calorimetry (DSC) curve

Melting/freezing temperatures and enthalpies of fusion for
SiO,@PEG600 were measured by Differential Scanning
Calorimetry (DSC) (Mettler Toledo 822, Greifensee,
Switzerland), obtaining a thermogram reported in Figure 2.
The analysis was performed on dried samples at atmospheric



pressure under a constant stream of nitrogen (60 mL-mint). A
first isothermal step at -10 <C for 5 minutes was applied,
followed by a heating scan between -10 T and 90 T at1l T
- minL. Successively, a sequential isothermal step at 90 <C for
5 minutes, followed by a cooling scan from 90 <C to -10<C at
1<C - min were recorded.

The SiO,@PEG600 showed a melting point of about 21 C.
The integration of area under the peaks vs time was used to
measure the enthalpies value of SiO,@PEG600 (Figure 2),
that was 66.24 kJ/kg.

Furthermore, viability assay and morphological analysis
were also carried out in human adenocarcinoma alveolar basal
epithelial cells that mimic an inhalation exposure: results
clearly showed the biocompatibility of novel nanostructures,
as reported in [34].

2.2 Building models and energyplus simulations

EnergyPlus was used to simulate a typical Italian dwelling
(surface area, 78 m?), located in a multi-storey building, with
the aim to assess potential benefits deriving from the use of the
newly designed nano-PCM. External walls were designed
adopting typical stratigraphy of a building envelope with a
lightweight structure: external wooden cladding (2 cm), two
scenarios of thermal insulation: low (5 cm) and high thermal
insulation (10 cm), internal plasterboard panel (5 cm). The
same plasterboard layer was considered for all vertical
surfaces and also for the ceiling.

Only the North and South walls are involved in heat
exchange. In the low insulation scenario, the U-factor (Us) was
Us=0.46 W/m?K, whereas in the high insulation scenario was
Ur=0.26 W/m?K.

Windows used in the model show a glazing system made of
two 4 mm panes, divided by a 20 mm argon gap, with U-factor
value of U=1.98 W/m?K and a frame conductance of 1.2
W/m?K. The internal glass pane was coated with a low
emittance layer.

The 3D model of the case study was first made in SketchUp
and then exported to Energy Plus v. 8.9, in order to perform
the dynamic simulations for the different scenarios. A
simplified “Ideal Load Air System” approach, with no outdoor
air was considered, in order to assess the heating and cooling
energy uses. In this way, Energy Plus strictly provides heating
and cooling energy required to meet the temperature value
selected for the input set-points (20.5 <T in winter, 26 <C in
summer).

Simulations were carried out in cities belonging to as many
climatic zones: Brindisi (Hot-summer Mediterranean climate)
Milan (Humid subtropical climate) and Riyadh Riyadh (Hot
Desert Climate). The heating schedule was adapted to each
location, according to the climatic zone they belonged to,
depending on national regulations. Thus, in Brindisi heating
worked from November 15th to March 31st, with up to 8 hours
per day. In Milan it worked from October 15th to April 15th
with a maximum of 12 hour per day.

Cooling was considered to be turned on from July 1st to
August 31st in all the locations. Envelope thermal resistance
was considered the same although climate zones were
significantly different.

The external surfaces (horizontal, East-facing and West-
facing) were considered adiabatic (though density, heat
capacity and conductivity were provided), so as to simulate a
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room laying in an intermediate floor. For ventilation, windows
were supposed to be open half an hour per day (from 7.30 to
8.00) during workdays, and one hour per day during weekends.
For fixed openings and windows cracks (up to 0.03 m? area)
an “always on” schedule was applied.

North

L Rozm Bedror
Other apartment

& Other apartment

Stairway

Figure 3. Plan of the apartment used to create the energyplus
model

In order to assess the effect of Nano-PCMs on energy uses
for HYAC we made simulations in all of the three locations
and considering the two insulation scenarios. On the other
hand, comfort in thermal environment was estimated
according to the approach contained in European Standard EN
15251, which was conceived to be applied in buildings without
operating HVAC systems. According to this regulatory
document, the thermal comfort zone depends on the outdoor
running mean temperature. If the indoor air temperature is
outside a specified range (Table 1), depending on the outside
temperature, mechanical cooling or heating should be operated
and the non-adaptive Fanger comfort model should rather be
used to obtain valuable thermal comfort consideration.

Table 1. Categories and limits of the thermal comfort zone,
according to EN 15251

Upper limit of Category 111 (<C) 10°C<
f(Tout)
0.33 f(Tout)+18.8+4 <30°C
Upper limit of Category Il () 10°C<
f(Tout)
0.33 f(Tou)+18.8+3 <30°C
Upper limit of Category | (<C) 10 °C <f(Tout)
0.33 f(Tout)+18.8+2 <30°C
Optimal comfort temperature (<C)
EN 15251 0.33 f(Tou)+18.8
Lower limit of Category | (<C) 15°C<
f(Tout)
0.33 f(Tou)+18.8-2 <30°C
Lower limit of Category Il (<C) 15°C<
f(Tout)
0.33 f(Tout)+18.8-3 <30°C
Lower limit of Category | (<C) 15°C<
f(Tout)
0.33 f(Tou)+18.8-4 <30°C




Table 2. Specific energy uses for heating and cooling on a yearly basis

5 cm thick insulation

10 cm thick insulation

Heating energy consumption  Cooling energy consumption  Heating energy consumption  Cooling energy consumption

[kWh/m?2-yr] [kWh/m?2-yr]
MILAN
Reference case 13.04 6.01
PCM 12.79 6.16
Percent
variation (%) -2.0 +3.0
BRINDISI
Reference case 2.71 6.65
PCM 2.54 6.70
Percent
variation (%) -6.0 +1.0
RIYADH
Reference case 0.33 6.77
PCM 0.31 6.77
Percent
variation (%) -7.0 0.0

[kWh/m?2-yr] [kWh/m?2-yr]
10.83 6.10
10.50 6.22

-3.0 +2.0
2.33 6.68
2.19 6.72
-6.0 +1.0
0.27 6.77
0.24 6.77
-11.0 0.0

In table 1, f(Tow) is the prevailing mean outdoor air
temperature and is expressed as a function of the daily running
mean external temperature (Tou), by means of:

f(Tout) = Hrm(ed) = (Hed—l + 08042 +0.60,45_5+
05 : Hed_4 + 04 - ged_s + 02 - 9861—7)/3'8

where 6,,4_,, is daily mean outdoor air temperature for n-days
prior the day in question.

2.3 Yearly HVAC energy consumption

Table 2 reports the specific energy uses for heating and
cooling on a yearly basis, referring to the floor surface unit of
the modeled dwelling, in different scenarios. A comparison
was made between an apartment containing standard plaster
and one equipped with the proposed Nano-PCM, with
reference to different insulation scenarios: low insulation (5
cm) and high insulation (10 cm). All the analyses were also
referenced to different locations: Milan, Brindisi and Riyadh.
Data reported in Table 3 show that the city of Riyadh does not
represent a suitable climatic context for the exploitation of the
proposed innovative material, as the temperature is generally
higher than the PCM T, throughout the year. The reported 7%
savings in heating consumption is actually negligible in terms
of absolute value, both in the low and in the high thermal
insulation scenario. Reduction of global energy consumption,
which is a consequence of the increase in the thickness of the
thermal insulation, is also confirmed in this area, although the
figure recorded in Milan and Brindisi was much more
significant. The best result was achieved in Brindisi, with 6%
savings for heating, on an annual basis, both in the low
insulation scenario and in the high insulation scenario, with
interesting differences in terms of absolute value: the energy
uses were lower if insulation layer was 10 cm thick, 2.3
kWh/m?-yr in the reference case and 2.2 kWh/m?-yr if nano-
PCM was used. The same difference was reported in the low-
insulation scenario, comparing the reference case and the
building equipped with Nano-PCM. Energy consumption for
summer cooling in Brindisi was unchanged in the scenario
with 10 cm thick insulation. In Milan, the achievable savings
in terms of winter heating was substantially offset by a similar
increase in summer cooling. The energy consumption reported
for the three locations showed that only in Brindisi, due to its
climatic conditions, an effective combination was achieved,

reaching a convenient compromise between the amount of
Nano-PCM to be used in plaster and the thickness of thermal
insulation used in the building envelope.

2.4 Surface temperature and indoor air temperature

No_PCM

PCM_5cm

Figure 4a. Annual trend of the internal surface temperature
of South-facing wall in the low insulation scenario
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No_PCM

PCM

Figure 4b. Annual trend of the internal surface temperature
of South-facing wall in the low insulation scenario



The above reported considerations on energy consumption
led to consider only the climatic location of Brindisi, for the
following analyses. The two graphs shown in Figures 4a and
4b report the internal surface temperature of the South-facing
wall, in the two insulation scenarios. In detail, Figure 4a
compares the surface temperature of the reference wall with
the one embodying the Nano-PCM material in the low
insulation scenario; Figure 4b shows the same comparison in
the high insulation scenario. As can be observed in both graphs,
the shift in surface temperatures is significant only in the
winter season, when the alternate melting and solidification
cycles take place. In winter, in fact, Nano-PCMs embodied in
the plaster allow to attenuate the temperature daily changes of
surface temperature, while maintaining the value near the
comfort temperatures. The remaining seasons show, in a
negligible way, the attitude of the material to mitigate the daily
temperature range in the surface temperature. These
considerations are valid for both thermal insulation scenarios.

2.5 Thermal comfort according to EN 15251

Figure 5a and Figure 5b show the trend of the indoor air
temperature on an annual basis, inside the apartment, both in
the reference case and in the hypothesis of a building equipped
with Nano-PCM. In these graphs, the limits of the three
categories of thermal comfort are also reported, with the
optimal temperature, calculated according to regulatory
document EN 15251.

40

Figure 5a. Comfort categories I,IT and III according to
standard EN 15251 and annual trend of indoor daily average
air temperature with and without PCMs, in the low insulation
scenario

The graph shows that the presence of the Nano-PCM in the
plaster tends to contain oscillations of the internal air
temperature, keeping it well within the limits of the categories
of comfort identified by EN 15251, especially in the winter
season.

In particular, it was observed that the air temperature inside
the building was within the limits of Category Il for almost
all the time, and therefore an adaptive strategy could be used,
in order to pursue thermal comfort. On the contrary, an
adaptive strategy is not usable in the period between the
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beginning of July to the second decade of October, where the
internal air was above 30 <C. The contribution of the PCM was
then irrelevant, given the high temperatures, compared to the
TM of the PEG600-based Nano-PCM.

40
35
0
25 ¢

20 N

15

Figure 5b. Comfort categories LII and III according to
standard EN 15251 and annual trend of indoor daily average
air temperature with and without PCMs, in the high
insulation scenario

Table 3. Winter days in thermal comfort categories,
according to European Standard EN 15251

Days in Days in Days in
Category Il Category Il Category |
Low
insulation
Reference 68 56 35
case
PCM 70 63 34
%_change +2.9 +12.5 -2.9
High
insulation
Reference
case 68 63 48
PCM 71 66 46
% _change +4.5 +4.7 -4.2

Also in this case, the considerations made for the low
insulation scenario can be re-proposed for the high insulation

scenario. Indeed, the trend of the curves showed relevant
similarities. Eventually, Table 3 reports the number of days in
which thermal comfort conditions were detected, according to
European standard EN 15251. As it can be observed in both
insulation scenarios, the number of days in which the
conditions of thermal comfort were achieved indoor tends to
be increased.

In particular, the days reporting comfort conditions
compatible with Category Il and Category 11, according to the
European standard, tend to increase. Moreover, in both cases,
occurrence of comfort conditions defined by category |
appeard to be reduced.

It is interesting to observe the total number of days in
Category Il was increased by 2.9% in the first scenario and
by 4.5% in the second scenario. This figure is symptomatic of
improved comfort conditions related to the use of Nano-PCM
within the wall stratigraphy.



On the other hand, the variations in the number of days in
comfort conditions according to Category Il and Category |
tend to be re-distributed internally, between the same two
categories. internally.

3. CONCLUSIONS

This work was divided into two different steps. In the first
part, we verified the effect of a newly developed Nano-PCM
material on energy uses, considering them embodied in a
modeled test light-weight building. To this aim, two different
thermal insulation conditions (5 cm and 10 cm thick insulation
layers, respectively) were studied. These analyses were carried
out with reference to three different cities, Milan, Brindisi and
Riyadh, corresponding to as many climatic conditions, in
which the material was suitably tested. These activities
allowed us to examine the energy consumption on an annual
basis for winter heating and summer cooling. The most
interesting results were obtained for the location in the
temperate Mediterranean climate condition (Brindisi).

Later on, having identified this optimal climatic condition
as the one in which it was possible to ideally exploit the
features of proposed Nano-PCM, indoor thermal conditions
were analyzed, considering the heating and air-conditioning
systems deactivated, according to the European standard EN
15251, dealing with adaptive thermal comfort standard. In
these conditions, the results of dynamic simulations showed
that the effect of Nano-PCMs was significant in the winter
season, offering a combined effect, if associated with an
optimal thickness of thermal insulation layer (10 cm). The
maximum energy saving for heating consumption was found
to be 6%, whereas energy use for cooling was almost unvaried.
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