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Abstract: Despite the multiple advantages of prefabricated compared to conventional buildings,
such as significant reductions in cost and time, improved quality and accuracy in manufacture,
easy dismantling and reuse of components, reduction in environmental degradation, increase of
productivity gains, etc., they still share a small part of the European building stock, mainly in
the Mediterranean. This paper attempts to highlight the potential of prefabricated buildings
to achieve advanced levels of performance, particularly as regards their thermal and energy
behavior. More specifically, in this paper the energy needs of a single-family building constructed
with prefabricated elements is analyzed, considering different climate contexts. The prefabricated
elements comprising the building envelope were developed in order to address specific requirements
with respect to their structural, hygrothermal, energy, fire, acoustical, and environmental performance,
within the research project SUPRIM (sustainable preconstructed innovative module). The new
multifunctional building element, also incorporating phase change materials for increased latent
thermal heat storage, has been proven to be beneficial in all the examined climate zones. The results of
the relevant studies will highlight the contribution of the new prefabricated element to the sustainability
of the overall construction, as well as its advantages when compared with conventional constructions.

Keywords: prefabricated buildings; SUPRIM; EnergyPlus; building energy performance; phase
change materials

1. Introduction

In the Mediterranean countries, residential buildings represent almost 80% of the total building
stock, with the onsite process, and reinforced concrete and brick masonry, being the dominant
construction solutions [1]. Although industrialization and off-site, precast construction is a growing
sector in Central Europe and a reality in many countries all over the world, such as Singapore,
China, and the United States [2—4], this is not the case for the countries of the Mediterranean
area, such as Greece, where the share of prefabricated buildings accounts for less than 2% [5].
It is true that for many years, the precast construction method, involving the manufacturing of
the building modules off site and their transportation and assembly on site, has been regarded as of
inferior quality or was dedicated to temporary constructions. However, today, things have changed;
prefabricated construction methods compete with conventional ones in every aspect of performance [6];
they also present considerable reductions in cost, installation time, and noise; moreover, they are also
considered as a cost effective and environmentally friendly solution that does not have to compromise
the architectural design and the building shape [7,8].

To date, several studies have investigated the performance of prefabricated buildings with respect
to energy consumption and waste during the construction phase [9,10], the construction quality
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and safety [11,12], and of course with regard to their energy and environmental performance [13-18].
However, only a small number of relevant studies, assessing the energy performance of prefabricated
constructions, have been conducted in the Mediterranean area [16,19], indicating a gap in the existing
literature and the need for supplementary scientific analysis. Especially for the warm Mediterranean
conditions, the establishment of strategies that would further improve the thermal performance of
the prefabricated buildings, generally characterized by less thermal inertia, compared to conventional
heavyweight ones, is of crucial importance. In this regard, the use of latent heat storage components
in the building walls, such as phase change materials (PCMs), could considerably reduce the heat
transmission and control the peak cooling loads in summer, while their incorporation could also be
very useful for indoor temperature regulation during the winter period [20]. Up to the present time,
many scientific studies have evaluated the role of PCM in building applications in the Mediterranean
area with respect to the indoor thermal comfort conditions, the heating and cooling energy savings,
and the reduction of temperature fluctuations of the envelope surfaces ([21-27]). Despite this, most of
them mainly focus on conventional or lightweight constructions rather than on prefabricated buildings,
while the emphasis is mainly given to the summer period. Moreover, most of the existing relevant
studies, assess the PCMs’ application either as a combination with cement plaster for exterior/interior
facades, or in the form of mats, consisting of rectangular pouches that are filled with the PCMs
and installed as a single layer behind wall boards ([21-27]). On the other hand, and to the authors
knowledge, the use of the phase change materials as a composite concrete layer has been far
less evaluated.

Based on the above remarks, the aim of the present paper is to provide further knowledge
on the energy performance and the indoor thermal conditions of prefabricated structures in
the Mediterranean context, not only in summer, but also in the winter period. More precisely,
the study attempts to evaluate the energy performance of a one-story, prefabricated family building
compared to a conventional construction, under different climatic conditions in the Mediterranean
area. For this purpose, dynamic energy performance simulations with the EnergyPlus tool were
conducted. The energy performance of the building, involving the annual heating and cooling needs,
and the indoor thermal conditions were examined for different wall configurations (i.e., conventional
and prefabricated building elements), whereas the effectiveness of the PCMs as a latent thermal heat
storage strategy was also evaluated as an alternative supporting the prefabricated construction.

In this study, the investigated prefabricated building incorporated the new prefabricated building
element that was developed within the context of the research project SUPR.LM. (SUstainable
PReconstructed Innovative Module) [28], which is co-funded by the European Union and national
sources. The new building module was developed in order to satisfy specific needs as regards its
mechanical strength, hygrothermal performance, energy behavior, response to sound, reaction to fire,
and environmental impact. The new prefabricated building element is made of steel hollow elements,
positioned vertically at a distance between 0.70 m and 1.00 m, and two concrete panels, positioned
parallel to each other, on either side of the steel elements. The gap between the steel elements is
filled with expanded or extruded polystyrene. Each layer (concrete panel, thermal insulation/steel
hollow element) is 0.05 m thick. The whole wall element is insulated with external thermal insulation,
usually extruded polystyrene, covered with organic mortar. It should be mentioned that the type
and the thickness of the external thermal insulation materials may vary, in order to satisfy different
needs, i.e., with regard to the climate, the requirements for acoustic insulation, or fire performance, etc.

In order to further enhance the thermal performance of the examined wall element, especially
as regards its thermal mass and its dynamic behavior, the integration of PCMs into the concrete
mixture was studied. Actually, as discussed in Section 2 of the paper, it was decided to add PCMs only
on the inner concrete panel, in order to contribute to the control of the interior surface temperature
and, as a result, to the improvement of the indoor comfort conditions and the building’s energy
performance. The study considered the addition of two types of powder PCMs in the concrete mixture
with melting temperatures equal to 24 °C and 28 °C. The selection of the melting points was based on



Energies 2020, 13, 5026 3 0f 20

the recommendations of Soares et al. [29] and Ascione et al. [30] regarding the optimum phase change
temperature for PCM in the Mediterranean area, targeting higher energy efficiency both in the winter
and summer periods. Regarding the proper concentration of the PCMs, values ranging between 5%
and 25% [31-33] have been often reported for building envelope applications, with the concentration
of 20% presenting considerable energy savings and an improved indoor thermal environment.
Additionally, experimental tests showed that the mechanical strength of the concrete panels is
significantly reduced when the concentration of PCMs in the concrete mixture is higher than 20%.
Based on the above, the proportion of the PCMs in the concrete mixture was considered equal to 20% in
this study. The developed building module (with and without the addition of PCMs) was considered
as the main wall element of the investigated prefabricated buildings.

The paper is organized as follows: In Section 2, an overview of previous studies, assessing the role
of PCMs on the improvement of the buildings” energy performance is given, whereas the detailed
description the various examined scenarios and the simulations’ input parameters are presented in
Section 3. Section 4 provides the presentation and justification of the simulation output and the discussion
of the performance of the prefabricated building, compared to the conventional one, while in Section 5,
the main conclusions are summarized.

2. Phase Change Materials Applications in Buildings of the Mediterranean Area

The incorporation of phase change materials into the components of the building envelope
constitutes a solution that has gained increasing scientific interest, to increase the thermal heat storage
and avoid overheating and increased cooling loads in summer, but also to improve the buildings’
winter energy performance. Especially for lightweight buildings, PCM applications are considered
as an effective solution to increase the buildings’ thermal inertia, and to eliminate excessive indoor
“Tair” (air temperature) fluctuations, which often compromise thermal comfort conditions [34,35].
Up to the present time, an increasing amount of literature, evaluating the improvement of the energy
performance of Mediterranean buildings using latent thermal heat storage techniques has been
published. Focusing on building wall applications, the respective studies generally evaluate the effect
of PCMs’ applications at various locations (i.e., internally, externally, and within the wall section),
with the optimum position strongly depending on the combination of various parameters, including
the weather conditions of the examined area, the considered melting points, the main goal of the PCMs’
application (i.e., emphasis on winter or summer energy demand and indoor thermal comfort) etc. [36].

Indicatively, Saafi et al. [24] evaluated the role of PCMs integrated into conventional building
envelopes under the Tunisian warm climate. Several cases of PCM integration in the building shell
(inside, outside brick wall, combined with EPS insulation, roof), various peak melting temperatures
between 20 °C and 30 °C, as well as different wall orientations were examined. The analysis
suggested that the PCM layer, when applied on the outside face of a brick wall, provides better energy
performance efficiency compared to its application on the inside, with cooling energy savings rising to
13.4% for a south orientation. In a brick wall, better efficacy of PCMs is observed in the absence of
insulation, with energy reduction around 12.21%. In the same context, Panayiotou et al. [37] studied
the integration of PCMs with a melting temperature of 29 °C on the envelope of a typical dwelling in
Cyprus, though dynamic numerical simulations. The authors examined various PCM placements in
the building shell. The obtained simulation results suggested the outside face of the external building
wall as the optimum placement of the PCM layer in a typical Mediterranean building located in the warm
region of Cyprus. The achieved annual energy savings due to PCMs (no insulation) ranged between
21.7% and 28.6%, with the higher efficiency being noticed in the summer rather than in the winter
period. On the other hand, when PCMs were combined with thermal insulation the maximum energy
savings per year reached 66.2%, while the PCMs presented higher performance in summer rather than
in winter. Other studies have mainly focused on the effect of PCMs when applied at the inner face
of the building walls. For example Ozdenefe et al. [38] examined, via numerical simulation means,
the effect of PCMs when they are integrated into the inner side of the wallboards in a typical building in
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Cyprus. The analysis focused on the cooling season, while four scenarios were considered in terms of
construction styles (perforated clay brick walls with reinforced concrete slabs, and cellular concrete block
walls with cellular concrete slabs) and layer thicknesses. Simulation results indicated that the PCMs
were most effective in the scenario of thinner walls and lightweight cellular concrete slabs; in this case,
indoor air temperatures were reduced by up to 1.7 °C, and the cooling energy needs decreased by 14.0%.

Soares et al. [29] conducted multi-dimensional research on the effect of PCMs integrated in
the inner side of a lightweight, steel-framed residential building on an annual and monthly base,
while different case study cities in Spain, Portugal, Italy, and France were examined. Parameters
that were taken into consideration were different melting temperatures ranging from 18 °C to 28 °C,
as well as seven different countries (climate locations) from an energy saving point of view. The results
indicated that the optimum melting point of the PCMs for the warmer Mediterranean climates ranged
between 22 °C and 26 °C, while their application resulted in a peak energy efficiency gain of about 62%
for Portugal’s climate. Similar results have also been mentioned by Ascione et al. [30] who evaluated
the effect of a PCM wallboard, positioned on the inner face of the outside building walls of an office
building, with respect to indoor thermal comfort and the building’s energy needs. Different melting
points, ranging from 26 °C to 29 °C were considered, while dynamic energy performance simulations
were conducted for Ankara, Naples, Athens, Marseille, and Seville. The obtained simulation results
indicated higher summer energy savings and more favorable indoor thermal conditions for the higher
melting points, with the cooling energy savings reaching 7.2% in Ankara, 4.1% in Marseille, and almost
3% in Seville and Naples. Moreover, according to the authors suggestions, when PCMs are implemented
in buildings of the Mediterranean area, the optimal PCM melting point in the winter period ranges
between 18 °C and 22 °C, while in summer, suitable values vary between 25 °C and 30 °C.

To continue, Guarino et al. [25] numerically assessed the effectiveness of PCMs integrated into
the inner face of the exterior walls of a lightweight structure in Palermo, both during heating and cooling
season. However, as the authors mention, the application of PCMs to the inner side of the exterior
building walls would lead to a heat release in the indoor thermal environment during the nighttime
(i.e., discharge period), increasing the overheating risk. The acquired simulation results thus highlighted
the need to combine PCMs with natural ventilation in summer, so as to increase the heat discharge,
effectively remove heat release, and reduce cooling energy needs; in winter, PCMs again proved an
efficient solution towards the decrease of the heating energy demand, with their effect being, however,
less prominent. Similarly, Costanzo et al. concluded in their research [26] that the implementation of a
natural ventilation strategy at nighttime is necessary to enable a full discharge of the PCM on a daily
basis in a lightweight buildings under Mediterranean conditions. More specifically, they examined
the use of PCMs in a typical lightweight office building shell during the cooling period. Parameters,
such as different melting peak temperatures (23 °C, 25 °C, 27 °C), thickness values, and night ventilation
rates (2 ACH, 4 ACH) were considered for the cooling season. Peak cooling loads, energy needs,
as well as operative temperatures were examined for all parameters stated above.

Based on the scientific evidence mentioned above, it can be generally said that:

e theapplications of PCMs in the Mediterranean context mainly concerned conventional and lightweight
constructions, realized onsite, rather than prefabricated buildings, while the emphasis was mainly on
the cooling period.

e  most of the existing studies assessed the PCMs combined with the plaster layer, either on the inner
or the external part of the wall, whereas applications on composite concrete panels were rarer.

e in hot regions such as the Mediterranean area, and when the emphasis is placed on the summer
period, the most favorable position of the PCM layer is the exterior face of the external building
walls, as this reduces the external heat gains of the thermal zone. On the other hand, during
winter the optimal PCM location is the inner part of the external building wall as this facilitates
the storage and release of heat back to the thermal zone.
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In this context, the present paper attempts to examine the role of PCMs in enhancing
the performance of prefabricated buildings, located in the Mediterranean climate of Greece.
Two building types, a prefabricated and a conventional one, made of reinforced concrete and brick
masonry, are analyzed, both with respect to their annual energy performance and indoor thermal
conditions, while the effectiveness of the PCMs as a latent thermal heat storage strategy in
the prefabricated building is also considered. Moreover, given that the application aims at
the improvement of the building’s energy performance, both in winter and in summer, the PCM is
applied at the internal face of the exterior wall, while summer night ventilation will be also considered
to facilitate both the heat removal and the solidification process.

3. Materials and Methods

3.1. Case Study Presentation and Simulation Scenarios

The study concerns the energy performance of a small, single-family building, covering an
area of 47.3 m?, as shown in Figure 1. The plan is rectangular, expanded along the south-north
axis, with openings only on the south and north walls. The roof is inclined and is covered with clay
tiles. Below the inclined roof of the building, there is a horizontal slab, made of reinforced concrete,
above which a thick layer of 10.0 cm thermal insulation (XPS) is positioned. The floor of the house,
in contact with the ground, is constructed with reinforced concrete and is insulated with a 10.0 cm
thick XPS layer. The windows comprise a PVC frame with a double, low-e glazing. The U-value of
the transparent elements is equal to 2.0 W/(m? K).

a)

v

T

| (©)

1040

Figure 1. (a) External 3D view and (b) plot of the examined building.

To comparatively assess the performance of the prefabricated construction with the new module
developed through the SUPRIM project, the building is examined for three different wall types:

e  Considering the conventional wall construction made of reinforced concrete and hollow clay
bricks (ETICS).

e Incorporating the new prefabricated module developed through the SUPRIM project, without
the use of phase change materials (SUPRIM).

e Incorporating the new prefabricated module developed through the SUPRIM project,
with the additional use of phase change materials (SUPRIM-PCM).

For the analysis of the energy performance, different levels of XPS thermal insulation were studied
for all three wall types. More specifically, for the three types of the vertical elements’ construction,
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the thickness of the XPS thermal insulation, positioned on the external surface of the vertical elements,
was set equal to 5.0, 10.0, 15.0, and 20.0 cm. For the sake of clarity, it should be noted that the results
concerning the examined configurations henceforward mentioned in the text, are named after their
type and the insulation thickness. For example, “ETICS 5 cm” corresponds to a conventional wall
construction of reinforced concrete and bricks, having 5 cm external thermal insulation.

The thermophysical parameters of the building envelope materials of the investigated vertical
elements are given in Table 1. With regards to the 3rd configuration scenario of the building walls
(i.e., SUPRIM-PCM), a mix of two PCMs has been considered, with melting points at 24 °C and 28 °C
and phase change enthalpies at 140 k]/kg and 185 kJ/kg, respectively. The PCMs are directly
incorporated into the concrete mixture (including aggregates) at a concentration of 20% to further
modify the energy storage capacity of the inner concrete panel. In order to define the thermal properties
of the concrete panel containing PCMs accurately in the Energy Plus simulation tool, the results of a
relevant experimental campaign, conducted in the context of the SUPRIM research program, were used.
However, given that the focus of the present paper is mainly given to the energy performance analysis,
only the basic experimental output is provided here.

Table 1. Geometrical and thermophysical parameters of the building envelope materials of the examined
vertical walls (starting from the outside towards the inside face).

Examined Wall Scenario Thickness Specific Heat Capacity Thermal Conductivity

x (m) Cp (J/KgK) A (W/mK)
1) ETICS
Organic plaster 0.01 1100 0.87
Insulation layer XPS 0.05-0.20 1450 0.034
Bricks 0.19 1000 0.58
Internal plaster 0.02 1100 0.87
2) SUPRIM
Organic plaster 0.01 1100 0.87
Insulation layer XPS 0.05-0.20 1450 0.034
Concrete panel 0.05 1000 2.1
Insulation layer EPS 0.05 1450 0.036
Concrete panel 0.05 1000 21
Internal plaster 0.02 1100 0.87
3) SUPRIM-PCM
Organic plaster 0.01 1100 0.87
Insulation layer XPS 0.05-0.20 1450 0.034
Concrete panel 0.05 1000 21
Insulation layer EPS 0.05 1450 0.036
Concrete panel with PCM 0.05 - 1.95
Internal plaster 0.02 1100 0.87
Organic plaster 0.01 1100 0.87

More precisely, the thermal conductivity of the concrete samples (dimensions 10 x 10 X 10 cm)
with and without the incorporation of PCMs were measured with a KD2 Pro handheld device, using
a single needle TR-1 sensor (Figure 2). The experimental campaign was conducted according to
the Standards IEEE 442, “guide for soil thermal resistivity measurements” and ASTM 5334, “standard
test method for determination of thermal conductivity of soil and soft rock by thermal needle probe
procedure” [39,40]. The experimental output suggested a thermal conductivity of 1.95 W/mK for
the concrete sample including the PCMs, whereas the respective value for the reference sample without
PCMs was 2.1 W/mK. The latter values were considered for the energy performance simulations, while it
was also assumed that the PCM is uniformly distributed throughout the thickness of the concrete panel.
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Figure 2. (a) experimental device and samples for the thermal conductivity measurements and (b) TR-1
sensor installation into the material.

Moreover, to evaluate the buildings’ energy performance under different climatic conditions,
it was assumed that the three examined building types were located in four different cities in Greece,
with respect to the four climatic zones defined in the country: Heraklion (Lat. 35°19” N; Long. 25°08’ E)
for zone A (the warmest), Athens (Lat. 37°58” N; Long. 23°42" E) for zone B, Thessaloniki (Lat. 3740°38’ N;
Long. 22°56’ E) for zone C, and Grevena (Lat. 40°05" N; Long. 21°25’ E) for zone D (the coldest).
The location of the four cities and their average monthly outdoor air temperatures are presented in
Figure 3 and Table 2 respectively.

. o o N
Climate zone A . Hraklion , "
Climate zone B -
Climate zone C Ky 5
Climate zone D

Figure 3. Climatic zones of Greece according to the Greek Regulation on the Energy Performance of
Buildings, and locations of the case study cities [41].

Table 2. Monthly average air temperature (Tair) of the 4 investigated cities, corresponding to the 4

climate zones.

City/Zone Jan Feb Mar Apr May June July Aug Sept Oct Nov  Dec

Heraklion
Clim. Zone A
Athens
Clim. Zone B
Thessaloniki
Clim. Zone C
Grevena
Clim. Zone D

13.3 1239 1392 1545 1883 2268 26.09 262 2371 21.07 1726 1481

9.85 9.78 12.7 1552 20.61 253 2852 284 2337 1966 1498 11.44

5.39 6.47 1014 13.67 1937 23.89 2679 2648 21.14 1693 1128  6.98

3.94 533 9.65 1338 1925 2342 2697 2671 2039 1573  9.61 5.31
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Finally, aiming at a comparative assessment of the energy performance and the indoor thermal
conditions of the building incorporating the SUPRIM module, an analysis was conducted: (a) for controlled
indoor temperature, assuming the use of an HVAC (Heating, Ventilation, Air Conditioning) system,
and (b) for free floating conditions, where the indoor temperature is free running and the PCMs are
expected to improve the indoor thermal conditions.

All considered simulation scenarios are presented in the diagram of Figure 4.

Heraklion Athens Thessaloniki Grevena
(Lat. 35°19°'N; Long. 25°08'E) ~ (Lat. 37°58’; Long. 23°42°)  (Lat. 3740°38’; Long. 22°56°) (Lat. 40°05; Long. 21°25°)
climate zone A climate zone B climate zone C climate zone D

Conventional wall Prefabricated building module  Prefabricated building module with PCM
External thermal insulation (ETICS) (SUPRIM system) (SUPRIM system with PCM)
Sem, 10cm, 15¢m and 20cm ext. Sem, 10cm, 15¢m and 20cm ext. Sem, 10cm, 15¢cm and 20cm ext. insulation
nsulation insulation

Thermostatic control "/ Free Floating conditions
Indoor Tair control by HVAC Free running indoor Tair
system

Figure 4. Examined simulation scenarios involving climatic conditions, building typologies, and control
of indoor climate.

3.2. Dynamic Energy Performance Simulations and Modelling Set-Up

In this study, dynamic energy performance simulations were conducted with the EnergyPlus
tool, a software developed by the US Department of Energy and continuously used and validated
by many previous scientific studies worldwide [42-45]. Given its increased simulation capabilities,
the model has been successfully used in several research fields, including the estimation of energy
needs of residential [46—48] or tertiary buildings [49-51], indoor thermal comfort evaluation [52,53],
and daylight analysis [54,55], but also in energy performance assessment of buildings with PCMs in
their envelope components [30,38,56,57].

In EnergyPlus, the calculation of the thermal loads of buildings is by default based on the ASHRAE
(American Society of Heating, Refrigerating and Air-Conditioning Engineers) heat balance method,
accounting for the heat fluxes on outdoor and indoor surfaces, and also heat conduction through
the building elements [58]. The principal advantage of the conduction transfer function (CTF) method
lies in the reduction of the transient heat transfer equations into simple linear equations, having
constant coefficients, which can be finally easily solved for both inside and outside face temperatures
and heat fluxes [38]. The CTF method can be thus efficiently applied for simulating buildings having
constant material properties (i.e., ETICS and SUPRIM scenarios in this study), but this is not the case for
the PCMs, the heat storage capacity of which is not constant and varies as a function of temperature.

To overcome this barrier, and accurately simulate materials with variable thermal properties,
EnergyPlus has incorporated the conduction finite difference solution algorithm (CondFD) [24],
a model complementing the CTF method for cases where materials with variable thermal properties
are evaluated. The CondFD method has been tested and validated by previous studies [42,59], while a
detailed description of the governing equations is provided in [26,38,56]. When a phase change material
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is thus modeled in EnergyPlus, the user needs to provide a set of temperature/enthalpy values of
the PCM, by using the dedicated module “material property: phase change”.

In this study, the accurate determination of the thermal properties of the PCM in the SUPRIM-PCM
scenario was crucial for the correct evaluation of the building’s energy performance. However,
given that the PCM was considered to be directly incorporated in the inside concrete panel,
the enthalpy—temperature relationship of the mixture, rather than of the pure PCM, had to be
known and introduced into the EnergyPlus model. In this context, the temperature-enthalpy values of
the inside concrete panel of the prefabricated module were defined through the results of a measurement
campaign, conducted in the context of the SUPRIM research program.

More precisely, samples of concrete incorporating microencapsulated phase change materials
(manufacturer Encapsys) with melting points at 24 °C and 28 °C, and at a 20% concentration,
were evaluated through differential scanning calorimetry (DSC), a widely applied method to test
the phase change performance of a sample PCM [60]; the examined samples were submitted to
a controlled temperature increase of 5 °C/min and the corresponding heat fluxes were recorded,
providing relevant information on latent heat and specific enthalpy, with regards to the material’s
phase change. The heat flow (mW) at each temperature provided by the DSC was then converted
to energy (J/g) and the estimated values were introduced into the EnergyPlus model [61]. It is also
important to mention that, given that 2 PCMs with different melting points were considered, the phase
transition did not occur at a specific temperature but a melting range was considered, starting from
21 °C to 28.5 °C. The PCMs’ selection was made so as to find a suitable compromise between summer
and winter period for the Mediterranean area, where the optimal melting points of the incorporated
PCMs should be within the range of 24-30 °C and 18-22 °C respectively [30].

To continue, other important boundary parameters for the simulations involved:

e  The infiltration rate. It was defined in accordance with the Hellenic Regulation on the Energy
Performance of Buildings [41]; the respective value was set to 0.5 Air Change per Hour (ACH)
and it remained constant for all the examined scenarios.

e  The operational schedules concern the occupancy profile, the lighting and equipment usage,
the ventilation rates, as well as the heating and cooling setpoints. They were all defined in
accordance with the Hellenic Regulation on the Energy Performance of Buildings [13], as shown
in Table 3.

Table 3. Boundary conditions and operational schedules, considered for the simulations.

Parameter Unit Value Schedule Type
7/7;
Occupancy Persons/100 m? 5 full occupancy: 00:00-07:00, 17:00-00:00;
50% occupancy: 07:00-17:00
Air change/ventilation m3/s/person 0.042 According to the usage profile.
During the cooling period;
Night ventilation ACH 15 from 00:00 till 08:00 a.m.;

only if the indoor air temperature is higher
than the outdoor air temperature by 1.0 °C.
12/12;

0 W/m?: 00:00-08:00;

Lightin: 2
srng Wi 64 0.3 W/m?: 08:00-17:00;
0.75 W/m?2 17:00-00:00
. . o Heating period
Heating setpoint = 20 (according to the Climate zone)
. . o Cooling period
Cooling setpoint c 26 (according to the climate zone)
Heat gains from occupants W/person 80 Follows the usage profile

Heat gains from equipment W/m? 4.0 Follows the usage profile




Energies 2020, 13, 5026 10 of 20

Finally, as previously mentioned, the energy performance of the one-story house was calculated

for three different types of wall, for the four climatic zones, and considering two scenarios of the indoor
microclimate involving:

1.

Controlled indoor temperature, where the indoor air temperature is controlled by an HVAC
system. In this case, the heating setpoint is set to 20 °C, while the cooling setpoint is set to 26 °C
(from 9:00 a.m. to 24:00 during the cooling season). Heating and cooling seasons are defined
for each case study city, according to the recommendations of the Technical Guides of the Greek
Building Energy Performance Regulation [41]. Moreover, since the aim of the study is the analysis
of the performance of a building without modeling a full HVAC system, the “ideal loads air
system” was used in the EnergyPlus simulations

Free-floating temperature, where the indoor thermal conditions are not controlled by an HVAC
system and the temperature is free running. In this way, the effect of the PCMs towards
the improvement of the indoor thermal conditions both in winter and summer could be evaluated.
In this case, a night ventilation with a constant air change per hour (ACH) of 15 h™! was assumed
during the cooling period to enhance the PCM discharge, provided that the outdoor temperature
was lower than the indoor Tair by at least 1.0 °C

4. Results and Discussion

4.1. Thermal Performance under Controlled Indoor Temperature Conditions

The annual heating and cooling energy needs of the examined buildings are shown in Figure 5,

with respect to the thermal insulation thickness, the wall configuration, and the climate zone. In parallel,
Figure 6 presents the corresponding heating and cooling energy savings for the prefabricated building
(with and without PCMs) compared to the conventional ETICS solution.
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Figure 5. The heating and cooling needs calculated for the three examined construction types
(conventional with exterior insulation, sustainable preconstructed innovative module (SUPRIM)
and SUPRIM-PCM) for climate zone A, B, C, and D.
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Figure 6. Percentage energy saving of the annual heating and cooling energy needs estimated for
the various examined scenarios and for climate zone A, B, C, and D.

First, it can be generally seen that the energy needs of the prefabricated building are always
lower when the innovative module (i.e., SUPRIM) is incorporated, compared to the respective values
for the conventional ETICS construction. More precisely, in the warmest climate zone (i.e., Zone A),
the energy required for covering the total heating and cooling needs is higher by 2-15% for the ETICS
scenario compared to SUPRIM, with the difference varying as a function of the thermal insulation
thickness; it is interesting to notice that as the thickness of the thermal insulation increases, the difference
in energy needs between the two wall configurations becomes lower. Furthermore, it can be seen
that in Zone A, the cooling needs are significantly higher than the heating ones. In fact, the cooling
needs can be even four times higher than the heating ones. The gap becomes larger as the thermal
insulation thickness increases. This can be attributed to the fact that the maximization of the thermal
resistance of the walls leads to the minimization of heat losses during winter, but it does not cause an
equivalent decrease of the cooling needs, as the solar heat gains, its major component, stem mainly from
the transparent building elements. For the same reason, the maximum differences between the cooling
needs for the two construction types (i.e., SUPRIM and ETICS) hardly exceed 6%, while for the heating
loads the maximum difference reaches 29% (see Figure 6a). Again, the difference on the heating needs
between the two examined construction types is not the same for every thickness of thermal insulation.
As the thermal insulation thickness increases, its impact on heating load reduction weakens.

For Climate Zone A, it can also be seen that the differences on the total energy needs are rather
moderate when the PCMs are integrated in the inner concrete panel. In fact, when comparing SUPRIM
with SUPRIM-PCM, the observed reductions range between 5 and 6% and 6 and 13% in cooling
and heating loads, respectively. Especially for the cooling needs, the monthly analysis of the derived
results showed that the PCMs perform better in June, when a reduction of up to 16% is observed
for all insulation thicknesses, while their performance falls in the following months and does not
exceed 5%. In more detail, the city of Heraklion is characterized by warm summers, with an average
daily maximum temperature in June and July close to 32 °C and average daily minimum close to
21 °C. Thus, in spite of the frequent activation of the phase change, the warm climatic conditions
do not permit a full heat discharge of the materials, a phenomenon that has also been observed by
Ascione et al. in relevant research in the Mediterranean area [30]. Additionally, as can be seen in
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Figure 5a, the PCMs can have a more significant impact on the formation of the cooling needs for
lower insulation levels. This can be attributed to the heat discharge and recharge phases that are more
intense when the thermal insulation is not increased.

Similar trends are observed when the examined buildings are located in the second warmest
zone of Greece, Zone B. Again, the annual energy needs are lower for the building that integrates
the SUPRIM element compared to the ETICS, but the differences range over lower levels, i.e., between
2% and 12%. Higher differences are observed for the heating loads (4.7% to 24%, with regard to
the thermal insulation thickness), while the difference in cooling needs are lower (1.3% to 4.7%),
although the cooling needs are almost doubled (Figure 6b). As in the case of Heraklion, SUPRIM-PCM
presents marginally lower cooling energy needs compared to the SUPRIM case, ranging between
1.3 and 3%, depending on the insulation thickness. On a monthly basis, the derived results showed
that the SUPRIM-PCM again performed better in June, when a reduction of up to 6% and 7% for
insulation thicknesses of 10 cm and 15 c¢m, respectively, was observed compared to the SUPRIM
building. The performance, in the case of SUPRIM-PCM, falls considerably in August, probably
because the PCM does not perform a complete discharge. Again, the PCMs present a more significant
impact on the formation of the cooling needs for the lower insulation levels, and similar magnitudes of
energy savings have also been reported in a previous study in Athens [30].

To continue, the energy need profile changes drastically when the buildings are located in a colder
location, such as Thessaloniki in zone C (Figure 5c). The amount of energy needs increases significantly,
and the heating needs prevail, as they are almost doubled with respect to cooling. Again, the SUPRIM
building always performed better than the conventional ETICS one, as its energy needs are always lower.
The difference on total energy needs ranges between 3% and 15%, with the heating loads being reduced
by 3% to 17.5% with respect to the thickness of thermal insulation (Figure 6¢). As with the previous
climatic zones, it can be seen that the maximization of thermal resistance of the walls (as the insulation
thickness increases) would contribute to lower heat losses during winter, but the decrease of the cooling
needs are of lower importance, again due to the prevailing role of the solar heat gains; the maximum
differences between the cooling needs for the two construction types (i.e., SUPRIM and ETICS)
is close to 6%. Similarly, in zone D, the coldest of Greece, the energy needs reach their highest levels,
with the cooling loads accounting for only one third of the heating ones (Figure 5d). The performance of
the SUPRIM wall elements is better in the colder climate of zone D compared to the ETICS construction,
as the decrease on the energy needs ranges from 3% to 14%. Again, the heating reduction is more
substantial, reaching 16%. Interestingly, the incorporation of the PCMs seems to provide higher cooling
energy savings in the two colder zones, ranging between 4.0 and 5.3% and 3.2 and 4.3% for climate
zone C and D, respectively. This is mainly attributable to the milder summer conditions in the two
colder zones, enabling the full discharge of the PCMs.

4.2. Thermal Performance under Free Floating Conditions

As the next step, the thermal performance of the examined buildings under free floating conditions
was evaluated. Then, the assessment of the annual performance of the three examined buildings types
was performed (i.e., ETICS, SUPRIM and SUPRIM-PCM). In this case, the lower limit of the thermal
comfort (i.e., in the winter period) was 18 °C, while the upper acceptable limit was set to 28 °C
(i.e., in the summer period). Figure 7 depicts the percentage period of the total occupancy time that
the indoor Tair was within the comfort range (i.e., 18 °C < Tzone < 28 °C) for the four examined climatic
zones, and accounting for 10 cm external thermal insulation for all three building configurations.

First, it can be seen that the prefabricated building, SUPRIM, performed marginally better than
the ETICS one, regarding the percent time that the Tair of the zone was within the comfort range.
However, in all climatic zones, the incorporation of PCMS can further improve the thermal response of
the prefabricated building under free floating conditions. Especially in the two warmer climatic zones
(i.e., A and B), the addition of PCMs allows for a longer duration of comfort conditions of around
3%, corresponding to 250 h and 150 h, respectively. However, the PCMs’ positive effect was of lower
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importance in the two colder zones (i.e., C and D). Given the low winter temperatures and the absence
of a heating system, the resulting indoor Tair values very often fell below 15 °C, even, which cannot be
compensated by the PCMs incorporation.

Percent of time inside the comfort range

:
85% 5% gay

B0% . 72%
o 5% 63%
61% © 60%
60% C 57%  58%  s56,50%
40%
20%
0%

SUPRIM SUPRIM ETICS SUPRIM SUPRIM ETICS SUPRIM SUPRIM ETICS SUPRIM SUPRIM ETICS
PCM PCM PCM PCM

Climate zone A Climate zone A Climate zone C Climate zone D

Figure 7. Annual percentage of the total occupancy time inside the comfort conditions for the three
examined wall types, assuming 10 cm external thermal insulation.

Given the above mentioned results it should be emphasized that, in spite of the positive effect of
PCMs, there is still an important part of the total occupancy period when the indoor Tair value is out
of the comfort range, a fact that has to be taken into account when PCMs are considered in the design
process of the buildings and their HVAC systems. Still, the beneficial effect of the PCMs could have
been considerably higher if different melting points had been examined, depending on the climatic
conditions. In this study, a mixture of two PCMs was evaluated (i.e., melting points at 24 °C and 28 °C),
for all the climatic zones; while a future analysis of multiple melting points would provide the optimal
solution for each climatic zone, also enhancing the performance of the SUPRIM building.

To continue, as previously mentioned, the performance of the phase change materials did not
present similar characteristics during the summer months, with higher performance rates being
reported for all climate zones in June. For the following months (i.e., July and August) the daytime
and nighttime temperatures were higher, suggesting unfavorable conditions for a full discharge of
the PCMs. In this context, and in order to better evaluate the impact of PCMs on the indoor thermal
environment under free running conditions, the indoor Tair and Tsurf (surface temperature) profiles
during typical weeks in June were analyzed. More precisely, Figures 8-11 depict the profiles of
the indoor air temperature and the surface temperature on the internal side of the southern walls of
the three examined building types and with reference to each climatic zone.

For every climatic zone, the provided surface and air temperature profiles corresponded to typical
weeks during June, when no extreme heat wave phenomena and extreme temperatures are observed.
In all cases, free floating conditions are considered, while the scenario of the 10 cm external insulation
is here analyzed for all building configurations. It can be generally seen that during the examined days,
in all climatic zones, the air temperature profiles of the SUPRIM-PCM building were always lower
compared to the SUPRIM and the conventional ETICS building. More precisely, in Heraklion, the PCMs
incorporation resulted in lower indoor Tair values by 0.2-0.8 °C compared to the prefabricated building
without PCMs, with the peak daily indoor Tair values not exceeding 27.5 °C (Figure 8a).
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Figure 8. Climate zone A: (a) outdoor Tair and indoor Tair and (b) outdoor Tair and Tsurf evolution
of the south facing wall during a typical week in June for the three investigated wall configurations
and for 10 cm external insulation.
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Figure 9. Climate zone B: (a) outdoor Tair and indoor Tair and (b) outdoor Tair and Tsurf evolution
of the south facing wall during a typical week in June for the three investigated wall configurations
and for 10 cm external insulation.
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Thessaloniki, Climate Zone C
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Figure 10. Climate zone C: (a) outdoor Tair and indoor Tair and (b) outdoor Tair and Tsurf evolution
of the south facing wall during a typical week in June for the three investigated wall configurations

and for 10 cm external insulation.

Grevena, Climate Zone D
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Figure 11. Climate zone D: (a) outdoor Tair and indoor Tair and (b) outdoor Tair and Tsurf evolution
of the south facing wall during a typical week in June for the three investigated wall configurations

and for 10 cm external insulation.
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In Athens, the respective reduction due to PCMs ranged between 0.4 and 0.7 °C, and the indoor Tair
fluctuated between 21.2 °C and 27.6 °C, whereas in the SUPRIM building, the zone Tair range fluctuated
between 21.1 °C and 28.8 °C, with peak differences reported in the early afternoon (Figure 9a). In both
cases, the lower indoor air temperatures were mainly attributed to the lower surface temperatures
of the inner face of the building walls; indicatively, in climate zone A, during daytime and given
the selected melting points of the PCM mixture (i.e., 24 °C and 28 °C), the phase change was activated
and the south wall inside face temperature was lower by almost 1.0 °C compared to the no PCM
building, thus leading to reduced convective heat transfer into the building.

Similar tendencies were also noticed in the colder climatic zones of Greece, with the beneficial
effect of PCMs being slightly lower compared to the findings in Heraklion and Athens. More precisely,
in the case of Thessaloniki, in climate zone C, the indoor Tair in the SUPRIM-PCM building was lower
by 0.12-0.51 °C compared to the prefabricated building without PCMs during the examined week in
June, with the peak daily indoor Tair values ranging between 27.2 °C and 28.9 °C (Figure 10a). A similar
tendency was also noticed in Grevena, zone D, where the respective reduction due to PCMs, ranged
between 0.12 and 0.8 °C. As with the two warmer zones, the PCM activation during the daytime, when
the Tsurf exceeded 21 °C (a melting range is considered for the PCM mixture, starting from 21 °C to
28.5 °C), contributed to lower surface temperatures (Figures 10b and 11b) compared to the two other
examined building configurations, and thus, to lower sensible heat transfer into the zone.

5. Conclusions

This paper evaluated the energy performance of a prefabricated building, incorporating
the innovative SUPRIM building module in comparison to a conventional heavyweight construction
under Mediterranean climatic conditions. The incorporation of PCMS, as a way to improve both
the energy needs and the indoor thermal conditions, was also considered. A numerical simulation
analysis with the EnergyPlus simulation model was conducted for a precast small family house,
considering different thermal insulation thicknesses and various climatic zones in Greece.

The obtained simulation results suggested that the building constructed with the new prefabricated
building elements had a better energy performance than the conventional one, made of reinforced
concrete and bricks. This behavior was observed regardless of the thickness of the external thermal
insulation, which was common for both constructions. More specifically, the improved energy
performance concerned mainly the heating loads, while the cooling loads were not significantly
reduced. Although the heating loads can be further reduced, through additional measures on
the building envelope, such as windows with lower U-values, or thicker insulation on the roof,
it is questionable whether the cooling loads can be similarly decreased.

As this work showed, the decrease of cooling loads cannot be achieved by further increasing
the thermal resistance of the building envelope. Other, non-conventional measures should be introduced,
which can be efficient in excessive heat management through the warmer periods of the year. Apart from
solar shading, which is nevertheless beneficial, the heat capacity of the structure plays an important
role. To this aim and to further increase the heat storage capacity of the examined prefabricated
building, the incorporation of phase change materials into the concrete mix of the inside concrete panel
was evaluated. The numerical results presented in this study indicated the potential of the PCMs
incorporation to reduce the energy needs, both for heating and cooling periods on the one hand, and to
improve the indoor comfort conditions on the other hand. However, their efficiency was found to be
higher in warmer than in colder climatic zones. In light of the above, it is important to mention that
the proper selection of the melting point of the PCMs, depending on the climatic conditions, would be
necessary for the optimization of their performance, indicating a new field for future research. In other
words, even if Greek cities are generally characterized by Mediterranean climatic conditions, important
deviations still occur among them during the year, from the northern to the southern part of the country.
More specifically, selecting the PCM melting temperature for each city, in line with the evolution of
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the ambient air temperature could further improve the energy performance and the indoor thermal
comfort conditions of the examined buildings.

In parallel, to obtain a global perspective of the PCMs efficiency on the buildings’ overall
environmental and energy performance, a cost effectiveness analysis should be performed in
the future, evaluating the pay-back periods, as well as the durability of PCMs after years of charging
and discharging.

Finally, even if the conducted analysis was inevitably not exhaustive, the obtained results are
expected to be a significant contribution on the respective scientific field. Considering that the share of
prefabricated buildings and the relevant scientific studies are today very low in the Mediterranean area,
despite their advantages, the present paper provides additional information on their performance,
highlighting their enhanced energy behavior, especially when combined with latent heat storage
systems such as PCMs.
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