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Phase change materials have been applied to a building framework to decrease energy and fossil fuel consumption as well as make
the building sector more sustainable. Lightweight structures are attractive and increasingly being used in residential buildings.
Hence, in this research, the energy efficiency and thermal performance of buildings located in eight various cities (Helsinki, Kiev,
Saint Petersburg, Moscow, Stockholm, Toronto, Montreal, and Kiev) of warm summer humid continental climate (Dfb) were
evaluated. The impact of heating and cooling energy savings pattern on the selection of optimum phase change material for each
city has been demonstrated. In addition, the impact of volume of PCM, precisely the effect of varying and constant volume, on
energy savings was assessed for the lightweight steel-framed building. Simulations were performed in EnergyPlus by applying
eleven melting temperature ranges of PCM. Test results demonstrated that energy savings were higher in the swing season and the
maximum temperature reduced during these months was 3.3°C. Heating and cooling energy savings were found to strongly
influence the selection of optimum PCM. In cities where cooling energy savings were the highest, the optimum PCMs were PCMs
24-26 while in cities where heating energy savings were the highest, the optimum PCM was found to be PCM 21. For constant
volume, the performance of optimum PCM raised when the surface area was enlarged, while the thickness of PCM was reduced.
Overall, the application of PCM into lightweight steel-framed residential structure located in warm summer humid continental
climate region is a feasible option.

1. Introduction

The energy utilization in building sector possesses a crucial
impact on total energy consumption. According to the
International Energy Agency, the space heating and cooling
energy in buildings comprise up to 50 % in a cold climate
region [1]. In addition, climate change is occurring due to
global warming. Nowadays, about 80% of the energy is
produced by fossil fuel, which contributes to environ-
mental pollution such as emission of harmful gases into the
environment [2]. Environmental pollution, in turn, has a
negative impact on human health. According to the pre-
dictions, without any improvements in energy efficiency

systems, the worldwide energy demand will rise by up to
50% in 2050 [3].

The enhancement of the building framework according to
thermal comfort is regarded as a proper solution to diminish
the heating and cooling energy demands [4, 5]. The energy
efficiency of structure can be enhanced by using either active
[6] or passive thermal energy storage systems [7]. However,
the passive system can provide high-energy efficiency by the
sun as a clean and renewable energy source [8] and is a crucial
part of the sustainable approach in building industry. One of
the methods is to use latent thermal energy storage systems
into building envelopes to provide a balance between diurnal
and nocturnal energy consumption [9, 10]. Phase change
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materials (PCMs) are materials which can absorb a great
amount of energy by means of latent heat when they expe-
rience a change in the physical state (from liquid to solid and
vice versa); thus they are used to minimize energy con-
sumption in buildings [11, 12].

Many researchers have used building simulation tools,
which provide time and cost-efficient solution, to assess the
energy efficiency and thermal performance in PCM incor-
porated buildings [13-15]. Vautherot et al. [16] analyzed the
effect of varying heating setpoint and phase change tem-
perature on energy savings and thermal comfort enhance-
ment. For a two-storey residential structure located in
Auckland, the authors by using an appropriate scenario in
EnergyPlus found considerable energy savings and up to 31%
fewer discomfort hours. Pajek et al. [17] assessed the thermal
performance of lightweight timber building with different
wall systems in three different European cities (Helsinki,
Vienna, and Madrid). The authors found that enhanced
lightweight buildings performed better in northern and
central European locations. Mi et al. [18] evaluated the
implementation of PCM 27 incorporated into three-storey
office building situated in different cities of China and found
that the efficiency of PCM impregnated building was superior
in the city of Shenyang, Zhengzhou, and Changsha. Ram-
akrishnan et al. [19] used a discomfort index to examine the
possibility of decreasing heat stress risks during extreme
heatwave event in Melbourne, Australia. The authors reported
that by using better ventilation design and PCM 29, the
discomfort period during extreme heatwave conditions re-
duced by 65%. Ascione et al. [20] evaluated the energy re-
furbishment in an office building in five different cities
(Ankara, Athens, Naples, Marseille, and Seville) having a
Mediterranean climate. The authors revealed that the greatest
cooling energy savings were obtained when PCM plaster
having a thickness of 3cm was applied on all vertical ex-
posures of the building. Soares et al. [21] applied multidi-
mensional optimization technique to assess the energy saving
potential of PCM-integrated lightweight steel-framed resi-
dential room in two major climate zones (warm temperate
(C) and snow (D)). The authors suggested that heating and
cooling energy savings were higher in warmer climates, for
example, 46% in Seville (Csa) and 62% in Coimbra (Csb).
Marin et al. [9] analyzed the energy saving potential of the
lightweight single-zone relocatable building impregnated with
phase change materials in various climate zones. The out-
comes of this study demonstrated that PCM-enhanced re-
locatable buildings performed better in warm and arid
temperate climates, whereas the output for tropical and snow
climates was limited. Saffari et al. [8] utilized a single-objective
optimization technique to find optimum PCMs (from PCM
20 to PCM 26) in various climate zones. The authors revealed
that for the heating predominant climate the phase change
material with low melting temperature (PCM 20) performed
superior while in cooling predominant climate, the perfor-
mance of high melting point PCM (PCM 26) was more
efficient.

Lightweight structures are attractive and increasingly
being used in residential buildings [17, 21, 22]. Therefore, we
are going to evaluate the energy efficiency and thermal
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performance of PCM impregnated lightweight buildings
situated in eight various cities of Dfb climate zone. The
impact of heating and cooling energy savings pattern on the
selection of optimum phase change material for each city
located in a warm summer humid continental climate has
been demonstrated. It is also known that energy savings in
buildings are dependent on the volume of PCM to be in-
stalled (which depends on PCM surface area and thickness
of the PCM layer). Hence, we are also going to evaluate the
impact of PCM volume (constant and varying volumes) on
energy savings for the lightweight steel-framed building
located in a warm summer humid continental climate.

2. Methodology

2.1. Characterization of the Climate. Based on empirical
observations, Koppen developed the first quantitative cli-
mate classification system of the world to specify the
boundaries of various climate types [23, 24]. The climate
characterization system used monthly data of temperature
and precipitation to set up boundaries of various climate
zones worldwide [23]. In 2006, the updated digitalized
version of Koppen-Geiger classification system was pre-
sented [24]. In this research, we considered the thermal
performance and energy saving potential of the residential
structure located in warm summer humid continental cli-
mate (Dfb) (Figure 1). Db climate is described by long and
cool summers, with the average temperatures in the warmest
month, July, reaching temperatures above 20°C (70°F). In
winter temperature often drops under —18°C (0°F) for long
periods of time. Additionally, the snowfall occurs often and
stays on the ground surface for a long time [25]. According
to Peel et al. [26], the snow zone D dominates in the ter-
ritories of Europe (44,4%) and North America (54.5%). In
total, eight cities (five from Europe and three from North
America, as illustrated in Table 1) were analyzed. The cities
were selected on the basis of their geographical location and
importance in terms of economic development and pop-
ulation. Specifically, the cities were chosen so that the dis-
tance between them allows covering the whole climate zone.
Table 1 provides geographic details of the selected cities,
namely, the position (latitude and longitude) and the
elevation.

2.2. EnergyPlus and Details of the PCM Model. The con-
duction finite difference (CondFD) algorithm, integrated
with EnergyPlus, was offered by Pederson [27] and revised
by Tabares-Velasco et al. [28]. The model represents an
implicit finite difference scheme, which is paired with the
enthalpy temperature function to accurately reflect for phase
change energy calculations. The implicit formulation for an
internal node is described by the following equation:

present _ ~previous present _ rpresent
T! T! T! T!

— k i+1
At int Ax

pC,Ax
(1)

present _ rmpresent
Ti—l Ti

+ kext A.x >
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FIGURE 1: Map of the world according to Képpen-Geiger climate classification (Dfb is in light blue).

TaBLE 1: Details of the selected cities in Dfb climate zone.

Koppen climate Country City Latitude Longitude Elevation (m)
Finland Helsinki 60° 11’ N 24° 56" E 56
Ukraine Kiev 50° 26' N 30° 31" E 182
Russia Saint Petersburg 59° 58' N 30°19' E 12
Db Russia Moscow 55° 45' N 37°37'E 151
Sweden Stockholm 59°20' N 18°03' E 14
Canada Toronto 43° 38’ N 79° 24" W 79
Canada Montreal 45° 30’ N 73° 39" W 50
Canada Ottawa 45°25' N 75° 41" W 71
where The enthalpy (h) and thermal conductivity (k) of the
( jpresent kpresent) PCM are related to the temperature by the following
kg =~ 7 equations:
2
) hi = h(T;;)- (4)
resent resent
. (RPIPent 4 gesent)
ext 2 ki = k(Tl’]) (5)

The subscripts present and previous refer to the present
and previous time step, i refers to the node that is being
modelled while i—1 and i+ 1 represent the nodes that are
adjacent to the inner and outer sides of the construction
correspondingly, and Ax refers to finite difference layer
thickness and defines the space between the nodes. All el-
ements are discretized by equation (3) which is influenced by
space discretization constant c, the thermal diffusivity a*, the
time step At, and Fourier number F.

o At

Ax = Vea* At = - (3)
0

Equation (1) is paired with equations (4) and (5) and the
specific heat capacity for the phase change material at each
time step is updated by using the following equation:

hPresent _ hPreVious
— _1 1

(6)

P Tz)resent _ Tfrevious'

In this research, 11 different PCMs (PCM 18 to PCM 28)
having temperature enthalpy curve as illustrated in Figure 2
and latent heat of 219kJ/kg were used. The curves were
produced by following the guidelines presented in the re-

search done by Alam et al. [29]. Each PCM has a melting
temperature range of 4°C. For example, PCM 24 has a phase
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FiGure 2: Enthalpy temperature curves for PCMs 18-28.

change cycle from 22°C to 26°C. Thus, the enthalpy tem-
perature curves of PCM are presented in Figure 2.

2.3. Details of Building Envelope. A two-storey low-rise
residential building with an inclined pitched roof was used
for simulation. The building has a rectangular shape having
12.18 m width, 9.16 m length, and 6.55 m height (Figure 3).
The windows (2.1 m x 2.1 m) are assembled at 1 m above the
floor grade while a door (1.2m x 2.1 m) is installed on the
south side. The lightweight hybrid steel-framed construction
mentioned in [21] is applied for the building framework. The
properties of an external wall, pitched roof, and ground floor
were selected in accordance with Dfb climate region [21].
The thermophysical properties of the external wall, pitched
roof, intermediate floor, and slab-on-grade are presented in
Figure 4 and Table 2 respectively. It is pertinent to mention
here that phase change materials were inserted into the inner
sides of the external walls and the roof of the building.
Various researchers [9, 21, 30] have suggested that PCM
should be installed at the inner surfaces.

The schedule of HVAC was according to the guidelines
of the residential building as given in Saffari et al. [31] (00:
00-8:00 and 16:00-24: 00 hrs). According to Werner [32],
51 percent of buildings located in the European Union,
Russia, and China use district heating and cooling HVAC
system. Hence, for energy analysis, fan coil with district
heating and cooling HVAC system was adopted. By fol-
lowing the requirements of the BS standard [33], the
thermostat values were set from 20°C to 26°C.

2.4. Validation. In this research, the DesignBuilder model was
verified against experimental model [34]. The experiment model
with dimensions of 500 mm x 500 mm x 500 mm was con-
structed with lightweight aggregate concrete impregnated with
PCM layer (Figure 5). The construction details and properties of
materials were taken from [34]. The experiment and simulation

results of the inside air temperature for a 24-hour period are
presented in Figure 6. It is clear that the maximum discrepancy
between the simulation and experimental values for indoor air
temperature were found to be less than 5.5%. Hence, the de-
veloped model can be used for parametric study.

3. Results and Discussion

3.1. Monthly Assessment of PCM-Integrated Buildings.
This section describes the monthly energy demand for
reference building (without PCM) and associated monthly
energy savings of the different PCMs, which were incor-
porated into the reference building. The results of energy
savings in residential building incorporated with different
PCMs and energy consumption by the residential building
(without PCM) in eight different cities of Dfb region are
presented in Figure 7. The bars indicate the heating and
cooling energy consumption for the residential building
without PCM while the lines represent the monthly energy
savings obtained when different PCMs in the range from
18°C to 28°C were incorporated into the residential building.
Regarding the x-axis, the numbers 1-12 indicate months,
with 1 and 12 representing January and December,
respectively.

For a clear understanding, only the results of one city
from Europe (Helsinki) and North America (Toronto)
would be explained in detail. For Helsinki, no cooling de-
mand was required in January, February, March, November,
and December. This is due to the reason that the outside
temperature during these months was low: -3.1°C, —4.5°C,
-1.4°C, 2.6°C, -2.1°C for January, February, March, No-
vember, and December correspondingly. Therefore, the
energy was spent only for heating purposes. The heating
demand in these months ranged from 448.77 to 867 kWh
while the energy savings of low melting temperature PCMs
(PCM 18-21) during these months were the highest and
reached up to 50.47 kWh. This is due to the reason that in the
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FIGURE 3: Model of the two-storey reference residential building.
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FIGURE 4: Detailed illustrations of wall, roof, and floors composition. (a) Wall composition. (b) Roof composition. (c) Intermediate floor

(d) Slab-on-grade.
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TaBLE 2: Thermophysical properties of building materials [21].
Material Thickness (mm) Thermal conductivity (W/mK) Specific heat (J/kgK) Density (kg/ma)
Wall composition
EIFS finish 3.00 1.150 1500 1050
EPS 65.00 0.040 1400 15
OSB 13.00 0.130 1700 650
Rockwool 100.00 0.040 840 30
PCM 10.00 0.200 1970 860
Plasterboard 15.00 0.250 1000 1200
Roof composition
Mortar slab 30.00 0.880 896 2800
XPS 47.00 0.034 1400 35
Cast concrete 40.00 0.38 1000 1200
OSB 18.00 0.130 1700 650
Rockwool 200.00 0.040 840 30
PCM 10.00 0.200 1970 860
Plasterboard 15.00 0.250 1000 1200
Intermediate floor composition
Plasterboard 10.00 0.250 1000 1200
Reinforced concrete 150.00 1.58 880 2288
Ceramic tiles 5.00 1.5 840 2500
Slab-on-grade composition

Interior finishing 10.00 0.170 1400 1200
Cast concrete 40.00 0.38 1000 1200
XPS 40.00 0.034 1400 35
Gravel 100.00 2.800 800 2500

F1GURE 5: Simulation model.

winter season the outside temperature is lower and the
melting process in low melting point PCM can take place
easily [31]. However, the negative energy savings with low
melting PCMs (PCM 18 and PCM 19) were recorded in
February and March. For instance, —18.78 kWh of energy
savings were obtained with PCM 18 in February and —0.73
kWh of energy savings in March. Soares et al. [21] analyzed
the energy efficiency of lightweight steel-framed (LSF)
residential single-zone building and found that the indica-
tors of energy savings in December in Warsaw, which is also
located in the Dfb climate zone, had negative results.
Therefore, a more in-depth analysis should be done to in-
vestigate the reason for negative energy savings in some

winter and spring months in cities with warm summer
humid continental climate. As far as the energy savings of
high melting temperature PCMs (PCMs 25-28) during these
months is concerned, it was relatively small and mostly
identical. The similarity in the results of high melting point
PCMs can be explained by additional thermal capacity
provided by the inclusion of the PCM layer [21]. In June,
July, and August, cooling demand was only required and
ranged from 600.19 kWh to 912.66 kWh. The energy savings
for high melting temperature PCMs in these months reached
up to 53.99 kWh while for low melting temperature PCMs,
the energy savings are negligible and varied from 1.56 to 5.97
kWh. An interesting result of negative energy savings es-
pecially for high melting point PCMs can also be observed in
August. This shows that PCMs with high melting point have
actually increased the cooling demand of building by re-
leasing the accumulated energy to the indoor environment.
For Kiruna city belonging to Dfc climate region, Soares et al.
[21] found that in single-zone living room incorporated with
optimum PCM, the energy required for cooling increased
when compared with no PCM case and negative values of
energy savings were obtained. It can also be noticed from the
figure that despite the relatively lower total energy con-
sumption in April (92.77 kWh), May (298.95 kWh), Sep-
tember (226.63 kWh), and October (169.77 kWh), the
energy savings in these months were considerably high and
ranged from 61.42 kWh (April) up to 109.34 kWh (May).
In Toronto, the heating and cooling energy consumption
stages are similar to Helsinki. In January, February, March,
November, and December, heating energy consumption was
only required and it varied from 380.93 kWh to 896.76 kWh.
As in Helsinki, the energy savings of low melting
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temperature PCMs (PCMs 18-21) during those months
were on the higher side (up to 81.32 kWh) whereas the
energy saving potential of high melting temperature PCMs
(PCMs 25-28) was mostly identical and resulted in small
energy savings (up to 15.16 kWh). In June, July, and August,
the cooling demand in residential building integrated with
PCMs was higher than the residential building integrated
without PCM. Finally, the total energy consumption in
April, May, September, and October was lower when
compared with other months. However, as in Helsinki, the
energy savings during these months were on the higher side
and reached up to 128.34 kWh in May.

On the basis of the above discussion, it can be derived
that PCM with various melting temperatures showed dif-
ferent efficiency in each month of the year. In the months
where heating demand is only required (January, February,
March, November, and December), the low melting tem-
peratures PCMs (PCMs 18-21) behaved efficiently while
high melting temperature PCMs (PCMs 25-28) mostly
showed identical performance with small energy savings.
However, in the months where cooling demand is only
required (June, July, and August), the high melting tem-
perature PCMs showed varied performance; that is, in some
cities it showed higher efficiency while in other cities it
showed poor performance. Moreover, throughout the
transition months (April, May, September, and October),
the energy savings were on the higher side and both low and
high melting temperature PCMs have the opportunity to
achieve maximum energy savings. For example, PCM 21 in
Kiev saved 91.25 kWh in October while PCM 25 in Saint
Petersburg saved 142.14 kWh.

3.2. Thermal Response of Buildings Located in Warm Summer
Humid Continental Climate. In order to investigate the
thermal behaviour of phase change materials under

controlled temperature conditions (HVAC switched on),
the inside air temperature profiles in each examined city
were compared in buildings integrated with and without
PCM. For this purpose, the months representing the
greatest and lowest output in relation to monthly energy
savings were defined. For eight examined cities, the months
showing the peak performance with regard to energy
savings were April, May, September, and October (fall-
spring seasons). The optimum PCMs during these months
in the selected eight cities were PCM 21 and PCMs 23-26.
Figure 8 shows three consecutive days of indoor air tem-
perature for the reference building and associated air
temperature of the optimum PCM, which was incorporated
into the reference building. For convenience, the outside
temperature is also plotted.

In Helsinki, during the first day, the outside temperature
changed from 3.32°C at 4:00hrs to 19.14°C at 15:00 hrs
while the solar radiation reached up to 870 W-m > (Fig-
ure 9). According to temperature profiles of the reference
building, the peak indoor air temperature during the first
day reached 27.28°C while the indoor temperature in resi-
dential building incorporated with PCM 26 (optimum PCM)
reached 26.39°C. During the second day, the fluctuation in
outside temperature was small and it varied from 11.46°C at
5:00hrs to 15.42°C at 17:00 hrs with maximum solar ra-
diation reaching up till 110 W-m™>. The inside temperature
in the residential building with and without PCM reached
25.33°C and 25.40°C, respectively. On the third day, the
outside temperature reached 21.91°C at 15:00 hrs and solar
radiation reached up till to 760 Wm™>. During this day, the
indoor temperature in residential building incorporated
with and without PCM reached 26.93°C and 27.96°C, re-
spectively. Therefore, during the three consecutive days, the
temperature reduction varied from 0.07°C (on day 2) to
1.03°C (on day 3), which identifies the ability of PCM to
decrease peak temperature. As far as temperature
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FIGURE 7: Monthly energy consumption and savings results for all PCMs in eight cities.

fluctuations are concerned, the temperature fluctuation in
the residential building without PCM varied from 24.18°C to
27.96°C, while the temperature fluctuation in the residential
building with PCM 26 varied from 24.04°C to 26.93°C. This
shows that in comparison to the reference building (without
PCM), PCM incorporated building was able to diminish the
temperature fluctuations by up to 0.89°C.

As far as other cities are concerned, in comparison to the
reference building (without PCM), the residential building
integrated with optimum phase change material reduced the
maximum indoor temperature in Kiev, Saint Petersburg,
Moscow, Stockholm, Toronto, Montreal, and Ottawa by
1.03°C, 1.98°C, 1.91°C, 1.48°C, 0.94°C, 1.14°C, and 1.07°C,
respectively. Moreover, due to incorporation of PCM in
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FIGURE 8: Temperature profiles for all cities for months with the greatest energy savings.
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FIGURE 9: Solar radiation values in Helsinki.

building, the temperature fluctuation in these cities reduced
by 2.27°C, 2.63°C, 3.13°C, 1.98°C, 1.96°C, 0.66°C, and 1.89°C,
respectively. Thus, the complete phase change cycle of the
PCM occurred and reductions in maximum temperature
and fluctuation reductions were achieved. When the tem-
perature exceeds the melting temperature of PCM, PCM is
able to transform into liquid form by taking the overheating
load. During the night, when the inside temperature falls to
solidification temperature, PCM is able to return to a solid
form by releasing the stored heat [34]. It can also be observed
from Figure 8 that for some cities (Stockholm and Toronto),
higher indoor temperature was obtained even when the
outdoor temperature was lower. While investigating the
efficiency of PCM impregnated rectangular single-zone
building model in Madrid climate, the higher inner surface
temperature was obtained when the outside air temperature
was lower and solar radiations were on the higher side [31].
From the above discussion, two important parameters were
highlighted: (1) the peak temperature decrease and (2)
temperature fluctuation reduction. For the analyzed cities,
the maximum peak temperature decrease varied from 1.03°C

in Helsinki and Kiev to 1.98°C in Saint Petersburg while the
temperature fluctuation reduction values ranged from
0.88°C in Helsinki to 3.13°C in Moscow. The results clearly
show that not only are PCMs able to lower the maximum
temperature peaks but also they are able to lower the
temperature variations in buildings, thus, enhancing the
indoor thermal conditions. The findings are in line with
available literature [35-38].

For the eight selected cities, the months showing the
poor performance with respect to energy savings were June,
July, and August. In order to perform an in-depth analysis,
the PCMs showing best and worst performance in the above
months were selected. For demonstration purpose, the
outcomes of two cities each from Europe (Saint Petersburg
and Moscow) and North America (Toronto and Ottawa) are
presented. Figure 10 shows three consecutive days (the 1%,
2" and 3" days of each month) of indoor air temperature
for the reference building and associated air temperature of
the best and worst PCMs, which were incorporated into the
reference building. The outside temperature is also plotted.

In Toronto, the outside temperature during the first day
was 18.33°C at 2:00 hrs; it rose to 25.52°C at 15:00 hrs and
then decreased to 21.62°C at 20:00 hrs. The solar radiation
released reached a maximum value of 860 Wm (Figure 11)
at 15:00 hrs. The maximum indoor temperature reached
28.27°C, 28.34°C, and 28.43°C in the residential building
without PCM, PCM 18, and PCM 28. On the second day, the
outside temperature fluctuation was from 21°C to 28°C while
the solar radiations reached a maximum value of 410 Wm™>
at 10:00 hrs. Based on the temperature profiles, the peak
temperatures reached in the building without phase change
material, PCM 18, and PCM 28 were 27.49°C, 27.64°C, and
28.14°C, respectively. Similarly, on the third day, the outside
temperature changed from 21.79°C at 8: 00 hrs to 25.00°C at
18:00 hrs while the maximum value of solar radiation was
obtained at 06:00 and 11:00hrs (190 Wm™2). The tem-
perature profiles at peak time were 25.48°C for the wall
without PCM and 25.79°C and 26.86°C for the wall with
PCM 18 and PCM 28, respectively. Based on the above
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FiGure 10: Temperature profiles for representative cities for months with the lowest energy savings.

discussion, it is clear that the pattern of temperature profile

1000 foromto for PCM 18 is almost similar to that of no PCM case while
900 - -+ PCM 28 showed the worst thermal performance. For PCM
B00 -+ 18, the high outside temperature in conjunction with solar
700 - radiation firmly increased PCM 18 temperature during the
600 - day. However, during the nighttime, the temperature inside
P00 e e the building remained at 26°C thus forbidding even partial
400 R A solidification of PCM 18. Hence, the ineffectiveness of PCM
300 B || I during this month is due to the reason that PCM 18 is always
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FIGURE 11: Solar radiation values in Toronto. the average inside air temperature stays at 26°C. This
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shows that PCM is transforming its state from solid to
liquid and is discharging the heat that was stored during
the day. Since the phase change material is placed next to
the inner surface of the wall hence the heat is being re-
leased to the inside environment of the building, which in
turn, increases the inside temperature of the building and
increases the work needed by the HVAC to regulate
thermal comfort. For the lightweight steel-framed single-
zone living room, Soares et al. [21] reported negative
values of energy savings in summer meaning that stored
heat in PCM was released to an indoor environment,
which, in turn, increased the energy demand required for
cooling. It is pertinent to mention here that similar be-
haviour was observed for Saint Petersburg, Moscow, and
Ottawa cities. For these cities, the maximum decrease in
peak temperature was up to 0.1°C.

3.3. Annual Assessment of PCM-Integrated Buildings. This
section provides the results of annual energy savings in eight
different cities of Dfb climate are presented. Figure 12 shows
the results of heating, cooling, and total energy savings for
the optimum PCM in different cities of Dfb climate. In
Figure 12, the bar represents the optimum PCM for each city
while the lines indicate heating, cooling, and total energy
savings obtained in these cities. This illustration provides a
clear visualization of how heating and cooling energy savings
influence the selection of optimum phase change material
for each city.

It is clear that the values of cooling and heating energy
savings differ from city to city. The cooling energy savings
are high in Helsinki (214.77 kWh), Moscow (207.79 kWh),
Saint Petersburg (257.68 kWh), Toronto (294.75kWh), and
Montreal (329.95kWh) while heating energy savings are
high in Kiev (221.45kWh) and Stockholm (233.39 kWh).
The total energy savings varied from 196.55 kWh (Ottawa)
up to 391.07 kWh (Toronto). An interesting phenomenon
can be observed. The pattern of heating and cooling energy
savings strongly affects the selection of optimum phase
change material found for each city. For Kiev and Stock-
holm, where heating savings are high, the optimum PCM
was found to be PCM 21, which is nearby the low boundary
of the thermal comfort zone (20°C). Similarly, in the cities
where cooling energy savings are higher (Helsinki, Saint
Petersburg, Moscow, Toronto, and Montreal), the optimum
PCM ranged from PCM 24 to 26 and was close to the upper
boundary of the thermal comfort zone (26°C). For Ottawa,
where both heating and cooling demand are close to each
other, the optimum PCM was PCM 23.

Some researchers have analyzed the efficiency of PCM in
Dfb climate region. For instance, Marin et al. [9] examined
the energy saving potential of PCM 25 installed in single-
zone relocatable lightweight building equipped with pack-
aged terminal heat pump (PTHP). The authors found that
the annual energy savings in Montreal, Moscow, and
Stockholm were low (<30KWh). The variation in findings is
believed to be due to several reasons such as difference in (a)
size of building used (24mx24m x 24m vs.
1218 mx 9.16 m x 6.55m), (b) HVAC system used (PTHP

Annual assessment
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FIGURE 12: Annual heating, cooling, and total savings for all cities
with optimum PCM melting temperature.

vs. fan coil with district heating and cooling), (c) thermostat
points used (18°C-25°C vs. 20°C-26°C), and (d) composition
and thermophysical properties of building components.
Saffari et al. [8] utilized a single-objective optimization
technique to evaluate the energy saving potential of opti-
mum phase change material in different climate zone. For
mid-rise apartment building installed with PTHP system,
the optimum PCMs for Montreal, Moscow, and Stockholm
were found to be 25.44°C, 24.31°C, and 21.50°C. This clearly
demonstrates that the optimum PCM:s for these cities found
in our research are in line with the findings of Saffari et al.

[8].

3.4. Effect of PCM Volume on the Energy Efficiency of
Buildings. In this section, the impact of PCM volume on the
energy efficiency of PCM incorporated building is evaluated.
Two scenarios—a varying PCM volume and the constant
PCM volume—are analyzed. Firstly, the case when PCM
volume is varying is considered (the PCM surface area is
kept constant), so that the impact of PCM layer thickness on
energy savings and energy consumption reduction is
assessed. For this, optimum PCMs determined in Section 3.3
for each city were used, and the thickness of the PCM layer
ranged from 10 mm to 40 mm. Here, only the results of two
cities, namely, Saint Petersburg and Kiev, are provided in
Table 3. The outcomes indicate that energy savings and
energy consumption reduction enhanced with the thickness
of the PCM layer being increased. This is the result of an
increased amount of heat absorbed by the PCM layer. For a
cubic model having a dimension of 3 x 3 x 2.8 m’, Lei et al.
[40] estimated the effect of thickness of the PCM layer (3 to
20 mm) integrated on the interior and exterior side of the
wall. The findings of this study indicated that increasing the
thickness of the PCM layer leads to higher gain reduction
rates being achieved. Similar findings were noted by Saffari
et al. [31]. The results of energy consumption reduction
per mm for both cities are demonstrated in Table 3. From
this Table, higher energy efficiency and lower cost can be
obtained by using thinner PCM layer. Similar findings were
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TaBLE 3: Energy savings as a function of PCM thickness.

City Thickness (mm) ES (KWh) ECR (%) ECR (% per mm)
10 mm 318.51 4.32 0.43
15mm 367.05 4.98 0.33
20 mm 408.67 5.54 0.28

Saint Petersburg 25mm 431.11 5.85 0.23
30 mm 509.96 6.92 0.23
35mm 564.57 7.66 0.22
40 mm 618.86 8.40 0.21
10 mm 243.72 3.61 0.36
15 mm 295.29 4.37 0.29
20 mm 321.29 4.75 0.24

Kiev 25mm 351.66 5.20 0.21
30 mm 382.98 5.67 0.19
35mm 418.27 6.19 0.18
40 mm 450.2 6.66 0.17

*Energy consumption reduction (ECR) = (energy consumption no PCM-energy consumption with PCM)/energy consumption no PCM.

300 -

Energy savings (kWh)

Helsinki

400

Surface area (m2)

0
(All walls + roof) (All walls)
10 14.98

(Roof)
30.06

(North wall)
55.48

(West wall)
65.16
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mmm ES (kWh)
—— Surface area (m2)

F1GURE 13: Annual energy savings in Helsinki city with different PCM surface areas and thicknesses (having constant volume).

reported by Lei et al. [40] while evaluating the energy ef-
ficiency of a cubic room model located in Singapore. It is
pertinent to mention here that after 25 mm thick PCM layer,
the drop in ECR per mm was almost constant.

In the second scenario, the volume of PCM is kept
constant, and the effect of surface area and thickness are
evaluated. The thickness of the PCM layer was determined
by dividing the total volume of the PCM by the surface area
of the place, where the PCM was applied (walls/roof). The
results are provided for Helsinki city. For this purpose, the
PCM, which showed the best performance (PCM26) in
Helsinki city, was selected.

The results of annual energy savings with different
surfaces and thicknesses are illustrated in Figure 13. In
general, annual energy savings strengthened with the
enlargement of the surface area of the PCM layer and
reduced with thicker PCM layers. Such behaviour can be
explained due to the efficient growth of the heat transfer
rate between PCM and the building [29]. In comparison to
thicker PCM layer, thinner PCM layers are possibly more
effective during melting freezing cycles. In addition,
thicker PCM layers usually require more time to complete
the phase change cycle. Hence, it is believed that some part

of the PCM may possibly remain in solid-state, thereby
influencing the efficiency of the PCM to work to full
capacity [29]. Although west wall has more thickness and
less surface area than the north wall, it showed higher
energy savings. The reason for such phenomena can be the
fluctuation of solar radiation received by these locations
[29]. Based on the above discussion, the highest energy
savings for Helsinki city are obtained when PCM is ap-
plied to all walls and roof of a two-storey residential
building.

4. Conclusions

The main conclusions obtained from this research are the
following:

(i) For all eight cities, the maximum monthly energy
savings in lightweight steel-framed residential
building impregnated with PCM were achieved in
April, May, September, and October months. The
maximum energy savings during these months were
up to 142 kWh. During these months, the maximum
temperature in PCM-integrated buildings located in
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these cities reduced by up to 3.31°C proposing that References

part of the heating load has been taken by PCM.
Also, the temperature fluctuation reduction values (1]
ranged from 0.88°C in Helsinki to 3.13°C in Mos-
cow. This can lead to the enhancement of the indoor (2]
thermal comfort for dwellers. 3]

(ii) The selection of optimum PCM in warm summer
humid continental climate (Dfb climate region) was [4]
strongly influenced by energy savings in heating and
cooling. The optimum PCM in buildings located in
Kiev and Stockholm, where energy savings in heating
were higher, was found to be PCM 21. For Helsinki, [5
Saint Petersburg, Moscow, Toronto, and Montreal, the
high melting temperature PCMs (24-26) were found to
be optimum. In these cities, the cooling energy savings
were found to be the highest. For Ottawa, where
heating and cooling savings were almost similar, the
mild-melting temperature PCM (PCM 23) was found [7]
to be optimum. Thus, for heating dominant cities of the
Dfb climate zone, low melting temperature PCMs
should be used since they show the highest efficiency;
for cooling dominant cities, high melting temperature
PCMs; and for cities with uniform heating and cooling (8]
demands , mild-melting temperature PCMs.

[6

(iii) The annual energy savings in all eight cities ranged
from 196.55 to 391.07kWh suggesting that the [9]
integration of PCM into building framework is an
appropriate approach for boosting the energy effi-
ciency of buildings.

(iv) For a varying volume of PCM, the energy savings and [10]

energy consumption reduction raised with the in-
crease in the thickness of the PCM layer. For constant
volume, it was revealed that the PCM efficiency en-
hanced with the enlargement of the surface area and [11]
the reduction in the thickness of the PCM layer. Also,
higher energy efficiency in Helsinki city was obtained
when PCM was applied to all walls and roof of the [12]
lightweight residential building.

(v) Conclusively, the application of PCM into lightweight
steel-framed residential structure located in warm

13
summer humid continental climate region is feasible. [13]
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