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Featured Application: Reduction of energy consumption in residential and office buildings through
the improvement of latent heat storage in active and passive strategies.

Abstract: Among the adaptive solutions, phase change material (PCM) technology is one of the
most developed, thanks to its capability to mitigate the effects of air temperature fluctuations using
thermal energy storage (TES). PCMs belong to the category of passive systems that operate on heat
modulation, thanks to latent heat storage (LHS) that can lead to a reduction of heating ventilation air
conditioning (HVAC) consumption in traditional buildings and to an improvement of indoor thermal
comfort in buildings devoid of HVAC systems. The aim of this work is to numerically analyze and
compare the benefits of the implementation of PCMs on the building envelope in both active and
passive strategies. To generalize the results, two different EnergyPlus calibrated reference models—
the small office and the midrise apartment—were considered, and 25 different European cities in
different climatic zones were selected. For these analyses, a PCM plasterboard with a 23 °C melting
point was considered in four different thicknesses—12.5, 25, 37.5, and 50 mm. The results obtained
highlighted a strong logarithmic correlation between PCM thickness and energy reduction in all the
climatic zones, with higher benefits in office buildings and in warmer climates for both strategies.

Keywords: phase change material; thermal energy storage; energy efficiency; passive strategies;
active strategies; adaptive envelopes

1. Introduction

Thermal comfort and reduction of energy consumption are consolidated topics in
scientific literature. Currently, an increasing interest in these fields is related to the benefits
of adaptive technologies. These technologies, when applied to building envelopes, allow
buildings to adjust their characteristics, in a reversible way, in response to external stim-
uli. As a result, an adaptation of their behavior to climate fluctuations is achieved, and,
consequently, users” comfort requirements can be more efficiently met [1,2]. Currently, the
most promising results of adaptive envelopes [3] are related to wall-integrated PCMs [4,5],
switchable glazing [6-9], adaptive solar shadings [10-12], dynamic insulation [13,14], and
multifunctional facades [15,16].

Among this wide range of technologies, PCMs have constantly grown their impor-
tance in recent years, thanks to broad experimentation and diffusion in different scientific
fields [17,18]. These include mainly the aerospace industry [19], the design of low-energy
buildings [20], the preservation of products [21], the electronic industry [22], and waste heat
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recovery systems [5]. The spread of PCMs in all these fields is related to the advantages of
latent heat storage (LHS), which allows the storage and release of naturally available heat in
low-volume elements, increasing, therefore, the energy storage density of the material [23].

In the building design domain, the importance of PCMs is related mainly to two
different topics usually investigated in scientific literature: the reduction of HVAC energy
consumption (i.e., active strategies) and the reduction of local and global thermal discomfort
(i.e., passive strategies). Many studies have highlighted that PCMs can reduce the energy
demand of HVAC systems by up to 30% if applied as a retrofit solution in residential
buildings located in cold climates [24]. Moreover, thanks to the stabilization of the indoor
radiant temperature, a significant reduction of thermal discomfort can be obtained [25].
Starting from these two important results, the aim of this paper is to merge and generalize
these studies by considering: (i) a broader range of climates, (ii) both passive and active
strategies, (iii) different building types, and (iv) different thicknesses of PCMs. Therefore,
the benefits of PCM implementation are assessed through numerical analyses.

To design and model a PCM-integrated building element correctly and maximize
its benefits, it is fundamental to understand the functioning of this technology and the
different products available. The functioning is strictly related to the different ways
in which materials can store or release heat: sensible heat storage (SHS), latent heat
storage (LHS), and thermochemical heat storage. While SHS and LHS are applicable to
buildings, thermochemical heat storage technologies are currently not applied in the civil
field [23]. Regarding SHS, the heat absorbed /released is related to the increase/decrease of
temperature in relation to the mass of the body (), the specific heat (c), and the variation
of temperature (dT), as described in Equation (1).

T2
Qs = mcdT 1
JT1

During LHS, the heat absorbed or released leads to a change of phase—for example, a
melting from solid to liquid—without changing the temperature of the body. In this case,
the heat stored depends on the mass, the fraction melted (f;;), and the variation of enthalpy
of fusion per unit mass (Ah;;) (Equation (2)).

QL= mfmAhm ()

Therefore, generalizing a phenomenon with SHS and LHS for a gypsum-PCM board,
the heat exchanged corresponds to the total enthalpy variation AH;,; that depends on the
enthalpy variation of each material contained in the board, according to Equations (3)—(5) [26]:

AHyot = m- [(1 - f)‘Ahgypsum +f'AhPCM] 3)

where, considering the complete melting of the PCM (f,;, = 1), the partial enthalpies are:

T2
Ahgypsum = (1= f) |~ mesdT @)
Tm T2
AhPCM:f</Tl chT+Ahm+/Tm ch"[> ®)

with f being the mass fraction of the PCMs in gypsum, cs and c representing, respectively,
the specific heat of the solid state and the liquid state, and T}, the melting temperature of
the PCMs.

For this reason, in building applications, a PCM with a melting range within the thermal
comfort range (20 °C-30 °C) can take advantage of LHS [27]. This is due to the storage of a
good amount of heat in low-volume elements without increasing the surface temperature
and therefore, without affecting thermal comfort. While, theoretically, PCMs work on
four different possible changes of phase for building applications, namely, solid—solid,
solid-liquid, gas-liquid, gas—solid [28], solid-liquid PCMs are usually considered.
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PCM s can be classified into three main categories: organic, inorganic, and eutectic.
Organic PCMs are composed of paraffins, fatty acids, fatty-acid esters, and sugar alcohols
and, in general, can be classified as paraffin or non-paraffin. One of the main advantages of
organic PCMs is that repeated melting—freezing does not lead to phase segregation; more-
over, they are slightly affected by supercooling. Nevertheless, considering that paraffinic
PCMs are derived from oil refining, organic PCMs have low ignition resistance, and, for
this reason, envelope applications can be problematic. Organic PCMs can have a broad
range of possible melting temperatures (—57 °C; +187 °C) with melting latent heat ranging
from 85 to 300 J /g [29-31]; therefore, they should be accurately chosen to optimize their
functioning. Inorganic PCMs are classified as salt-hydrates or metallic, and, despite having
an enthalpy per mass similar to organic PCMs, they can reach higher melting latent heat
per unit volume thanks to their higher density. Moreover, they have higher conductivity,
can reach higher melting points, and are less expensive and less flammable than organic
PCMs. However, inorganic PCMs present some limitations, such as supercooling, phase
segregation, and corrosion. Lastly, eutectic PCMs are composed of at least two PCMs with
the same melting point and can be classified as organic-organic, inorganic-inorganic, and
organic-inorganic, depending on the types of PCMs used.

Often PCMs are encapsulated, primarily to hold both solid and liquid phases and
to protect the PCMs from harmful interactions with the environment and other building
materials. Encapsulation can also reduce phase segregation and corrosion, provide easier
handling, and increase the heat transfer area [32,33]. Encapsulations can be classified,
depending on capsule size, into macroencapsulation (d > 1 mm), microencapsulation
(1 um < d <1 mm), or nanoencapsulation (d < 1 um). Moreover, they can be made of
different materials, e.g., aluminum, plastic, polyolefin, rubber, polymers, in different
containers, such as balls, tubes, plates, and boxes [33].

Many studies have been performed to deepen the possible applications of PCMs to
buildings, mainly classified into active storage systems and passive storage systems.

Active systems are characterized by heat exchangers and forced convection and can
be, in turn, classified into direct and indirect systems. In direct systems, the heat transfer
fluid is also the storage element of the system, while in indirect systems, the fluid serves
as the transfer medium and another material is used as the storage element [34]. Active
systems have been studied [35] and applied to suspended ceilings [36,37], ventilation
systems [38,39], external double-skin fagades [40], solar collectors [41,42], heat storage
water tanks [43,44], integrated photovoltaics [45,46], and building cores enhanced with
PCMs activated through the use of ducts or pipes [47].

When considering passive systems, there is no forced convection, and, in this case,
these systems can be classified according to the way the PCMs are embedded in the building
element: inside the material, as a new layer, and in windows or as sun protection [48].
Considering the PCMs embedded inside the material, encapsulated PCMs can be easily
added to other construction materials such as concrete [49], plaster [50], cellulose, or glass
fiber [51]. Another diffuse solution to applying PCMs in buildings is to add a new layer to
increase the thermal inertia of lightweight constructions. The most common application of
PCMs as a new layer is the PCM-enhanced gypsum plasterboard; many products, such
as the Alba Balance (Rigips-Saint Gobain), are already commercially available. Other
applications of PCMs as new layers are PCM sandwich panels [52] and macroencapsulated
PCMs in plates or bags, such as the Delta-Cool24 (Dorken) or the Energain (Dupont). Lastly,
PCMs can be used for both sun protection (for example, in internal blinds [53]) and inside
windows (for example, with an extra air gap, behind the inner glass [54]).

Considering all these available PCMs, particular attention should be paid to their melting
point because, due to the broad variability of this parameter, each application has its own more
suitable range. Different studies concerning building energy performance [28,55-57] have
identified that the most suitable melting points for cooling are up to 21 °C, while for heating,
they are 22 °C or, in general, 2 °C higher than the heating setpoint temperature. Moreover,
suitable melting point ranges for thermal comfort are between 22 and 28 °C; for hot water



Appl. Sci. 2021, 11, 4680

40f18

applications, they are between 29 and 60 °C. Finally, higher melting points—between 61
and 120 °C—are suitable for waste heat recovery applications. For the current study, a PCM
layer was considered the inner layer of external walls, roofs, and floors, implementing a
paraffinic microencapsulated organic PCM (Micronal) embedded in gypsum plasterboard
with a melting point of 23 °C, the characteristics of which are described in the following
sections. Considering that the models were run for active and passive strategies and
for heating and cooling systems, the choice of this transition temperature allows us, as
described before, to take advantage of heating, cooling, and thermal comfort applications.

2. Materials and Methods

Energy and comfort analyses were performed using EnergyPlus v.9.3. The main ad-
vantage of EnergyPlus [58] is that it can guarantee multidomain integration and physical in-
teraction accounting for thermal, visual, mass-flow, and building service interactions [3,59].
A good starting point for energy-efficiency-oriented research in EnergyPlus [60] is offered
by the U.S. Department of Energy (DOE), which developed 16 reference building models in
different climatic zones. These models have been calibrated using several references such
as the Commercial Buildings Energy Consumption Survey (CBECS), ASHRAE Standards
90.1, and many other academic sources [61].

Offices and apartments represent two of the most diffused building types in Europe,
and they respectively account for 6% and 75% of total European building stock [62].
Therefore, two representative reference models, the small office and the midrise apartment,
were chosen for this study. The geometrical data and main characteristics of the two
reference buildings are summarized in the table and pictures below (Table 1, Figure 1).

Table 1. Main characteristics of reference buildings from the DOE.

[ Number of Gross Floor Flo?l.'-to- Windows-to- Number of
Building Ceiling . Thermal
Floors Area . Wall Ratio
Types 2 Height o Zones
[-] [m~] [%]
[m] [-]
Midrise 4 3134.59 3 20% 32
apartment
Small office 1 511.16 3 22% 6

(a) (b)

Figure 1. Reference buildings chosen from the DOE: small office (a) and mid-rise apartment (b).

The HVAC equipment of the reference buildings is modeled in accordance with
ASHRAE Standard 90.1 and consider, for both the small office and the midrise apartment,
a boiler for heating generation, a packaged air conditioning unit for cooling generation,
and a single-zone constant-volume system for air distribution.

Particular attention was paid to the reliability of consumption and, considering that the
analyses were run for different building types and different locations, to the independence
of the results from the HVAC system sizing process. Therefore, the original HVAC systems
were substituted with properly calibrated ideal-load air systems. These systems are similar
to a traditional HVAC unit in EnergyPlus; the main difference is that it is not connected to a
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central system, and each ideal-load air system provides heating or cooling to satisfy the zone
setpoint [63]. Starting from the ideal heating and cooling loads, the energy consumption
is calculated by dividing the loads by an ideal energy efficiency ratio (EER) equal to 3 in
cooling mode and by a coefficient of performance (CoP) equal to 3 in heating mode, which
can be considered average values for packaged direct expansion air conditioning systems.

Existing HVAC systems are characterized by a series of controls, such as the manage-
ment of outdoor air and a night-cycle availability manager. Therefore, to guarantee the
proper behavior of the ideal-load system, an energy management system (EMS) program
was written in order to account for these controllers and obtain results close to the ones of
the original DOE reference building.

To confirm the reliability of the calibrated ideal-load model, a statistical analysis was
performed and values of mean bias error (MBE) and cumulative variation of root mean
squared error (CVRMSE) were obtained from hourly values of heating and cooling energy
consumption of the reference and modified models. The analysis was performed for each
thermal zone, starting from three different reference models, one for each of the chosen
locations (Miami—ASHRAE Zone 1A, Chicago—ASHRAE Zone 5A, Fairbanks—ASHRAE
Zone 8), for both small office and midrise apartment.

Table 2 summarizes the results of these analyses, considering the average of whole
thermal zones and cities and excluding only the zones where the HVAC system is off for
at least 95% of total hours since the thermal behavior of these zones is not considered
representative of the behavior of the entire building.

Table 2. Average values of MBE and CVRMSE for the considered models, excluding the results of
zones with a system functioning period of less than 5% of total hours.

Heating Cooling
Building Types Average Average Average Average
IMBE| CVRMSE IMBE| CVRMSE
[%] [%] [%] [%]
Midrise 4.9% 9.3% 5.7% 12.9%
apartment
Small office 1.2% 20.7% 4.5% 44.9% !

I Without considering Fairbanks’ cooling consumption, the cooling average CVRMSE is 19.6%.

Values of MBE and CVRMSE were then compared with reference values from ASHRAE
guideline 14 [64,65], which gives the hourly calibration criteria for real building modeling.
Indeed, most of the thermal zones in all the configurations meet the ASHRAE hourly
criteria, with IMBE| < 10% and CVRMSE < 30% [64,65]. All the results meet the criteria
described before, except for the cooling CVRMSE of the small office, which was slightly
over the threshold; in this case, the results were negatively influenced by the Fairbanks
result, which can be considered nonrepresentative as it has a reduced functioning period
(19% of total hours for small office, 17% for midrise apartment) and very low cooling energy
consumption. Indeed, considering the Fairbanks yearly global HVAC consumption, the
differences obtained by comparing reference and ideal-load models are very low: 1.1% and
1.5% for the office and apartment models, respectively. For these reasons, the model can be
considered reliable.

The performance assessment of the integration of PCMs in buildings was carried
out considering a whole year. In order to properly account for the transient behavior of
PCMs, each simulation hour was divided into 20 analysis timesteps. Moreover, 25 different
European cities were considered in order to assess the benefits of the integration of PCMs
into buildings. To define a broad and nonredundant city sample, different European cities—
most of them characterized by common EU directives—were studied, selecting cities with
very different climates, as described in Figure 2 and Table 3.
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Figure 2. Individuation of the sample of 25 cities used for the analyses.

Table 3. Characteristics of the 25 European cities considered (data from epw weather file).

City Country Koppen-Geiger Classification =~ CDDyg- HDD4-
Larnaca Cyprus BSh 1259 759
Seville Spain Csa 1063 916
Athens Greece Csa 1076 1112
Brindisi Italy Csa 834 1151
Santander Spain Cfb 209 1369
Rome Italy Csa 649 1444
Porto Portugal Csb 146 1491
Madrid Spain Csa 628 1965
Plovdiv Bulgaria Cfa 543 2471
Milan Italy Cfa 380 2639
Paris France Cfb 142 2644
London England Cfb 32 2866
Timisoara Romania Dfa 365 2896
Brussels Belgium Ctb 96 2912
Geneva Switzerland Difb 193 2965
Ankara Turkey BSk 253 3307
Ljubljana Slovenia Dfc 168 3383
Copenhagen Denmark Dfb 29 3563
Prague Czech Republic Dfb 84 3703
Munich Germany Dfb 79 3738
Bergen Norway Cfb 21 3996
Moscow Russia Dfb 99 4655
Helsinki Finland Dfb 33 4712
Reykjavik Iceland Dfc 0 4917
Kiruna Sweden Dfc 0 6967

In order to adapt the models to the European climates, all thermal properties were
adjusted to meet the different energy requirements [66-70]. The selected cities were then
grouped in six different climatic zones—B, C, D, E, F, and G, from warmer to colder—in
accordance with their values of heating degree days (HDDs). Hence, the thermal properties
of roofs, walls, slabs, and windows were changed according to the climatic zones, as
described in Table 4.
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Table 4. Characteristics of the envelope properties for each climatic zone.

Thermal . . .
Climatic Zone City Envelope Component Transmittance Solar Heat G[il]n Coefficient
[W/m?K]
External wall 0.43 -
B Larnaca Slab 0.44 -
Seville Roof 0.35 -
Window 3 0.35
External wall 0.34 -
Athens Slab 0.38 ;
C Brindisi
S d Roof 0.33 -
antander Window 2.2 0.35
R External wall 0.29 -
ome Slab 0.29 -
D Porto
Madrid Roof 0.26 -
adrt Window 1.8 0.35
Plovdiv External wall 0.26 )
Milan
E Paris Slab 0.26 -
London _
Timisoara Roof 0.22
Brussels Window 14 0.35
Geneva
Ankara External wall 0.24 -
Ljubljana -
F Copenhagen Slab 0.20
Prague Roof 0.21 -
Munich Window 1.1 0.35
Bergen External wall 0.17 -
Moscow _
G Helsinki Slab 0.10
Reykjavik Roof 0.09 -
Kiruna Window 0.8 0.35

To understand energy demand variations, an ideal-load HVAC system was considered
for active strategies, while, for passive strategies, no HVAC system was implemented and
natural ventilation strategies were adopted. HVAC operational schedules were kept as
standard, and setpoints of 21 °C in heating operational mode and 24 °C in cooling mode
were considered.

With regard to passive strategies, a supplementary EMS program was developed
in order to calculate the adaptive thermal comfort optimal range, in accordance with
current European recommendations (EN 16798-1:2019 [71]). This EMS program calculates,
starting from the temperature of the previous 7 days (6,4_;), the running mean outdoor
temperature (6, Equation (6)) and the optimal operative temperature (8., Equation (7)).
Then, considering the first comfort class, the program calculates the operative temperature
(Top) comfort range (Equation (8)), as described in the following equations:

(0pg—1+0.86,5_2+066,5_3+0560,5_4+046,5 5+03603_6+0.260,5_7)

Orm = 3.8 el ©
6. = 0.33 0,,, +18.8 [°C], (7)
0.—3 < Top < 6.+2 [OC]. (8)

Hence, the results of these calculations were used for both the definition of the number
of discomfort hours—comparing the operative temperature with the optimal range in
Equation (6)—and the definition of a natural ventilation schedule. Indeed, in the passive
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strategy case, natural ventilation is activated only when the operative temperature of
the thermal zone oversteps the higher boundary of the optimal range and the outdoor
dry-bulb air temperature is lower than the indoor dry-bulb air temperature. This choice
is due to the behavior of the building users, who generally open windows only for warm
thermal discomfort.

For both strategies, a linearly dimmable artificial lighting system was implemented,
controlled by an illuminance sensor placed in the middle of each thermal zone, with a target
illuminance of 300 lux in the apartments, 100 lux in the corridors, and 500 lux in the offices.
Internal gains, occupancy, and indoor appliances were left in accordance with the original
reference models. According to the ASHRAE Standards [72], indoor appliances consume a
maximum of 10.76 W/m? in small offices and 5.38 W/m? in midrise apartments, with a
radiant fraction equal to 0.5. An occupancy density of 0.054 persons/m? was considered
for the offices, while a maximum number of 2.5 people was assumed for the apartments. In
both cases, the metabolic emission rate was considered equal to 120 W /person.

Another fundamental step in energy analyses is to properly model the PCM in En-
ergyPlus. To that end, a commercial PCM-enhanced plaster panel—the Alba Balance by
Saint-Gobain Rigips—was considered as a reference. Two phase-transition temperatures,
23 and 26 °C, are commercially available for these boards. In this study, a 23 °C phase
transition with a latent heat of 300 kJ /m? is considered, as shown in Table 5, which reports
the producer-declared technical data.

Table 5. Characteristics of PCM-enhanced plaster panel.

Technical Data

Density ) 1000 kg/m3
Areal density oA 25 kg/ m?
Latent heat dH 300 kJ/m? = 83 Wh/m?
Total storage capacity (10-30 °C) - 866 kJ/m?
Specific heat c 28.3 kJ/m?K
Thermal conductivity A 0.27 W/mK

In order to suitably model this material in EnergyPlus, an enthalpy table, ranging
from —30 to +100 °C, was calculated, starting from the areal density, the specific heat, the
latent heat, and the following enthalpy equation.

H = mc AT )

Once the material reaches the melting point (23 °C), it stores latent heat
(300 kJ/m? = 12 kJ/kg). This heat storage is equally distributed as an increase of en-
thalpy at three temperature steps within the melting range (21, 22, and 23 °C). The plot of
the enthalpy curve is included in Figure 3.

Finally, these calculated values were inputted in EnergyPlus, and, to model the be-
havior of the PCM properly, the heat balance algorithm was changed from the Conduction
Transfer Function (CTF) to the Conduction Finite Difference (ConFD) algorithm, increasing
the timesteps from 6 to 20 [73]. These settings significantly increase the running time
but discretize the surfaces depending on the thermal diffusivity of the material and the
time step, allowing us to model particular materials, such as PCMs or variable thermal
conductivity materials [63]. This timestep setting has been largely validated and veri-
fied [63,73] and guarantees a good adherence of the numerical model with measured data.
Further detailed hysteresis analysis would have led to errors of about 1% instead of a
just-few-times-higher error [74], which can be considered acceptable for annual analyses.
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Figure 3. Enthalpy curve for the PCM-enhanced plasterboard.

The chosen plasterboards can be used in both walls and ceilings, and, for these
analyses, they were considered the inner layer of all external walls and roofs. Despite
Zwanzig et al. stating that in a multilayer wall, centrally located PCM better reduces heat
fluxes [75], other studies have confirmed that PCMs located as an inner layer improve
thermal comfort, thanks to the stabilization of radiant temperature [25]. Moreover, to
understand how the thicknesses of the boards influence the results, four different boards,
with thicknesses of 12.5, 25, 37.5, and 50 mm, were considered and modeled.

3. Results

The benefits of implementing PCMs were assessed by considering the reduction of
energy demand in the active strategy and the reduction of total discomfort hours in the
passive strategy. The following subparagraphs show the different results obtained for each
strategy considered.

3.1. Active Strategies: Energy Demand Reduction

The reduction of energy demand is shown in the following figures (Figures 4 and 5),
where the results are grouped with reference to the climatic zones, showing the changes of the
control parameter as a change of PCM thickness. The contribution of PCMs in the reduction
of heating and cooling energy consumption was split so as to differentiate the strategies.
The percentage of energy reduction (ER¢,) refers to the difference between the total energy
demand in the baseline case (ET pyserine)—without PCM—and the total energy demand in
each PCM-implemented case (Et pcp). This difference was then divided by the total energy
demand of the baseline case, as described in the following equation (Equation (10)):

E ine — E
ER% — 100 T baseline T PCM (10)

T baseline
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Figure 4. Small office, total energy demand reduction for the analyzed cities: (a) Climatic Zone B, (b) Climatic Zone C, (c)
Climatic Zone D, (d) Climatic Zone E, (e) Climatic Zone F, and (f) Climatic Zone G.

Overall, it can be easily argued that the type and magnitude of energy reduction
are strictly dependant on building typology, and outcomes show opposite trends when
comparing the two models. On the one hand, in the small office model, the benefits of
PCMs are clearer and increase in colder climates, with an average that rises from 2.57% for
Zone B to 5.13% for Zone G. On the other hand, benefits for the midrise apartment model
are lower and countertrend, considering that the main contribution is related to heating
demand reduction and that the zone average decreases (with a less evident trend) in colder
zones. However, both models confirm that an increase in PCM thickness corresponds to an
increase in benefits, with a strong logarithmic correlation between thickness and energy
reduction (Figure 6).
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C, (c) Climatic Zone D, (d) Climatic Zone E, (e) Climatic Zone F, and (f) Climatic Zone G.

7
OZone B .

3 +{IR? = 0.9984
2 Zone C |
=6 r OZone D
5 2 _
2 OZone E 2 R =0.9991
° ~=FIR? = 0.9991
S OZone F
o
3 5 L OZone G o B
el -
c
£
4T
°
>
2
23 ¢
@
[
j=2}
o
o2 r
>
<

1 . . . .

25 37.5 50

log(PCM thickness) [mm]

(

a)

Average energy demand reduction [%)]

1.6
OZone B [0 R*=0.9994
1.4 Zone C 1 az_
OZone D R2 = 0.98{15
OZone E Rl R?=0.9835
12 CiZone F - T R2=0.9899
COZone G
1 F
P Re-09766
08 -
06
0.4 -
0.2
0 . . . .
12.5 25 375 50

log(PCM thickness) [mm]

(b)

Figure 6. Logarithmic correlation between zone average and PCM thickness for (a) small office and (b) midrise apartment

in the active strategies case.



Appl. Sci. 2021, 11, 4680

12 0f 18

3.2. Passive Strategies: Thermal Discomfort Reduction

In this second set of analyses, the index of the advantages related to the implementa-
tion of PCMs is the reduction of total discomfort hours (DHr) in baseline (DHT pyseiine) and
PCM (DHT pcp) models, calculated by comparing the operative temperature of the thermal
zones with the acceptance limits expressed in Equation (8). Analogously to the ER% de-
scribed in the previous section, the percentage of discomfort hours reduction (DHR,) was
calculated as described in Equation (11), and the results are reported in Figures 7 and 8.

DHRo, = 100 * DHT pasetine — DHT PcMm

(11)
DHT Baseline
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Figure 7. Small office, total discomfort hours reduction for the analyzed cities: (a) Climatic Zone B, (b) Climatic Zone C, (c)
Climatic Zone D, (d) Climatic Zone E, (e) Climatic Zone F, and (f) Climatic Zone G.

Analogies and differences with results obtained for the active strategies can be easily
noted from the graphs. Firstly, these simulations confirm that the implementation of PCMs
is more effective in small offices than in midrise apartments.

With regards to the small office model, a clear different behavior can be identified
when comparing the climatic zones: warmer climates (Zones B, C, and D) show higher
benefits, mainly related to the reduction of cold thermal discomfort, while colder zones (E,
F, and G) show lower benefits related to the reduction of warm thermal discomfort. This
different behavior is also confirmed by the zone averages that fluctuate between 4.5% and
9% for the first three zones while oscillating around 1.2% for the other zones.

On the contrary, in midrise apartments, there is hardly ever a reduction of cold thermal
discomfort; the results are mainly pushed by the reduction of warm thermal discomfort.
In this case, the major advantages are registered in the intermediate climates—Zones C
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and D—with average values of 3.45% and 2.15%, respectively, while for other zones, the

average benefits are lower and range from 0.73% to 1.57%.
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Figure 8. Midrise apartment, total discomfort hours reduction for the analyzed cities: (a) Climatic Zone B, (b) Climatic Zone
C, (c) Climatic Zone D, (d) Climatic Zone E, (e) Climatic Zone F, and (f) Climatic Zone G.

Finally, comparing the effect of different PCM thicknesses, the comfort analysis con-

firms that thicker panels show higher advantages (Figure 9).
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in the passive strategies case.
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4. Discussion

The analyses performed point out a complex frame of results, where a few trends
can be deduced, in general, for PCMs while others should be referred to each specifically
analyzed case.

Firstly, one of the clearest conclusions that can be drawn is that the benefits of PCMs,
integrated into the envelope’s inner face, depend logarithmically on the thickness of the
boards. The presented outcomes confirm that this trend is common to all analyses and
does not depend on the climatic zones, building typology, or the comfort strategy adopted.
Therefore, it can be stated that increasing board thickness is particularly advantageous,
considering layers up to 50 mm; further increases lead to gradually lower improvements
that may not be affordable. This behavior can be explained by considering the relatively low
thermal conductivity of the boards (0.27 W/mK). In this case, increasing board thickness
adds a further shift in the load peaks related to the thermal conduction inside the board
that gradually reduces the effectiveness of the PCM.

Referring to different building typologies, the small office model shows higher ben-
efits than the midrise apartment model, regardless of the climatic zone, PCM thickness,
and comfort strategy adopted. The main reason for this trend can be identified in the
different occupancy rates (35.3 m?/person for the midrise apartment and 18.6 m? /person
for the small office) and the different internal loads of equipment and lights, which are
sensibly higher in the office model. Considering the case of PCM boards located on the
envelope’s inner face, increasing the internal loads can increase the number of melting
cycles, improving energy and comfort, especially in cooling-dominated climates.

Lastly, considering the climatic zones analyzed, it can be stated in general that the
advantages of PCMs are higher in warm climates—Zones B, C, and D—with the only
countertrend exception represented by the energy demand of the small office model in
active strategies, where colder zones correspond to higher benefits, thanks to a constant
increase in heating energy reduction.

Beyond these general considerations on the results obtained, referring to each analyzed
case, on the one hand, the small office model has shown:

e  significant overall benefits in the active approach, thanks to an important reduction of
cooling demand; moreover, in colder zones, further reductions in heating consumption
lead to higher benefits;

e asignificant reduction of cold discomfort in hot climates in the passive approach and
a slight reduction of warm discomfort in cold climates; nevertheless, few increases of
warm discomfort can be found in extremely cold climates (Reykjavik).

On the other hand, the midrise apartment model has shown:

primarily reductions of heating demand in the active approach, with slight improve-
ments of cooling consumption only for hot climates; considering the overall trend, the
hot climates register slightly higher benefits;

e  benefits in the passive approach are related mainly to warm discomfort, with higher
effectiveness in intermediate climatic zones; moreover, in cold climates, reductions of
cold discomfort have been registered, with a single case of increased cold discomfort
in Bergen.

Comparing these results with those reported in similar studies, the main differences
obtained can be explained by the positioning of the boards and the use of different building
types, occupancy, and system availability schedules that can increase or decrease PCM
effectiveness. Moreover, in this case, a PCM-embedded gypsum board was considered
for adaptive implementation while, in other studies, pure PCM materials were applied to
the envelope. Finally, as described by this study, the different locations can significantly
change the effectiveness of the implementation of this technology.

5. Conclusions

The analyses presented in this paper are focused primarily on the effect of the PCM-
enhanced boards studied, considering different boundary conditions, in order to define
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general trends and the specific behavior of this technology. To this end, the simulations
considered different building typologies, climates, thicknesses, and active/passive strate-
gies. Considering all the differences that can arise with this broad number of variables,
the methodology adopted to create the energy building model tries to reduce all the fluc-
tuations related to different national laws or the specific HVAC system in order to have
comparable results.

Overall, this study highlights both general and specific trends for this technology,
with interesting results. Undoubtedly, further studies could expand this research to other
calibrated reference models or different climates in order to further generalize or specify the
trends described in this paper. In this first work, our attention was focused on the European
geographic area in order to analyze cities with similar energy containment directives.
Future developments could expand this area—changing the envelope characteristics and
also considering tropical and dry climates.

The economic aspects of PCM implementation are out of the boundaries of the current
study as there are very different compositions of energy and energy prices in the considered
countries. Future works could focus on smaller groups of locations and estimate a payback
period on selected groups of cities with similar economic and energetic backgrounds.

Another interesting development of this first study could consider a simulation in
future climatic scenarios. As shown in our research, office models are characterized by
a strong cooling reduction in the active strategy and mainly by cold thermal discomfort
in passive strategies. Considering future scenario simulations—characterized by warmer
boundary conditions—the energy benefits should be higher than those obtained in our
active strategy simulations while, on the contrary, in the passive strategy, the benefits could
be lower. Finally, with regard to the midrise apartment model, the PCM benefits are related
mainly to heating consumption reduction (active strategy) and the reduction of warm
discomfort hours (passive strategy). Therefore, the benefits of PCM implementation could
probably be reduced in future scenarios.
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