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a b s t r a c t

In the present study, optimization of PCM layer thickness and melting temperature to increase the
energy-saving potential of the office building located in eight cities in the Cfb climate zone was
conducted using the Fanger model. The sensitivity of the energy savings to the selection of PCM melting
temperature was quantitatively analyzed using a novel indicator of average savings drop. Additionally,
the investigation of the effect of real PCMs on the energy performance of the building located in Cfb
climate as well as the economic and environmental analyses were accomplished. The results showed
that the PCM layer with a thickness of 2 cm reached the highest values of energy savings per unit
thickness. The optimization of the PCM melting temperature revealed that PCM 22–25 were optimum
for the whole Cfb climate zone and resulted in energy consumption reduction values of up to 37.6%. The
sensitivity analysis showed that the steadiness of the outdoor climate conditions affects the sensitivity
of the energy savings to the selection of PCM melting temperature. The analysis of real PCMs revealed
that PCM 25-r demonstrated more efficient performance in all cities. Overall, it was concluded that
the integration of PCM can be considered an economically and environmentally feasible solution.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Building and construction industries are responsible for about
ne-third of the global energy consumed and around 40% of
irect and indirect carbon dioxide emissions (IEA, 2019). A major
art of the energy consumed by buildings is spent on heating
nd cooling needs. It is forecasted, that global energy consump-
ion will keep on rising due to growing population and climate
hange (Souayfane et al., 2016). Therefore, enhancing the energy
fficiency of the buildings and improving indoor thermal comfort
onditions is one of the main objectives of global energy policy.
n recent years, integration of latent heat thermal energy storage
aterials (LHTES) such as phase change materials (PCM) into the
uilding envelope has become an innovative solution for reducing
ndoor temperature fluctuations, regulating energy consumption
nd as a consequence increasing the energy-saving potential of
he building (Arıcıet al., 2020). PCMs represent materials pos-
essing high heat capacity and have the property to absorb and

Abbreviations: ASD, Average Savings Drop; ADT, Adaptive Thermal Comfort
Theory; EC, Energy Consumption; ECR, Energy Consumption Reduction; ES,
Energy savings; HVAC, Heat Ventilation and Air Conditioning; LHTES, Latent
Heat Thermal Energy Storage materials; PCM, Phase Change Materials; PMV,
Predictive Mean Vote; PTHP, Packaged Terminal Heat Pump; SPP, Static
Payback Period
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352-4847/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access a
c-nd/4.0/).
release a large amount of energy during the phase transition
process from a solid-state to a liquid state and vice versa (Peng
et al., 2019).

Several studies about thermal and energy performance of
PCM integrated buildings showed that the effectiveness of the
PCM considerably depends on such factors as the amount of
PCM, PCM melting temperature, and climate conditions. For ex-
ample, Arıcıet al. (2020) numerically investigated the thermal
performance of the PCM integrated building and tried to find
an optimum location, PCM melting temperature, and PCM layer
thickness for enhancing the building’s energy performance for
different climates of Turkey. The results showed that the annual
optimum temperatures for Diyarbakır, Konya, and Erzurum were
20 ◦C , 25 ◦C and 16 ◦C respectively. For all cities, a PCM layer
hickness of 20 mm was found to be optimum. Mohseni and
ang (2021) experimentally and numerically investigated the
ffectiveness of the PCM in improving thermal comfort conditions
nd optimizing the thickness and melting temperature of PCM for
building located in the city of Newcastle, Australia. The author
onsidered PCMs with the melting temperature varying in the
ange from 19 ◦C to 29 ◦C , and PCM layer thicknesses of 5 cm and
0 cm. The results showed that PCM with a melting temperature
f 21 ◦C and layer thickness of 10 cm placed on roof and external
alls resulted in the best performance in terms of reducing the
nergy consumption. Tunçbilek et al. (2020) conducted an opti-
ization study for PCM integrated office building for the climate
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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f the Marmara region (Turkey) classified as the Csa climate zone.
he authors tried to determine the optimum location, thickness
nd melting temperature of the PCM for maximizing energy
avings. According to the data obtained, the authors revealed
hat PCM melting temperature of 25 ◦C, which was equal to
he upper setpoint temperature was optimum for the studied
egion. Additionally, the results showed that the PCM layer with
thickness of 23 cm placed closer to the inner surface of the
all was the best and helped to achieve energy savings of up to
2.8%. Kishore et al. (2020) numerically investigated the impact
f PCM on the energy performance of the building, analyzed
ey conditions for effective application of the PCM, and tried
o optimize PCM melting temperature and location for different
limates of the US. The results showed that in Phoenix, Las Vegas,
altimore, and Denver optimum PCM melting temperatures were
2 ◦C , 22 ◦C , 24 ◦C , and 24 ◦C respectively. For all cities, the

PCM layer placed in the middle of the wall composition was
found to be optimum. Markarian and Fazelpour (2019a) con-
ducted multi-objective optimization to determine the optimum
PCM type and location for enhancing the energy efficiency of
the building located in different climates of Iran. The results of
the study demonstrated that PCM 25 was the best in reducing
cooling energy consumption, whereas PCM 21 was the optimum
in decreasing heating energy demand. Jangeldinov et al. (2020)
investigated the impact of PCM melting temperature on heating
and cooling loads in different cities of warm-summer humid
continental climates (Dfb). The results showed that in Kyiv and
Stockholm PCM 21 resulted in the highest energy savings, while
in Saint Petersburg, Moscow, Toronto, and Montreal PCM 24-PCM
26 demonstrated more effective performance. Lei et al. (2016)
analyzed the effectiveness of the PCM in decreasing cooling
energy consumption for the climate of Singapore using numerical
simulations. The data showed that PCM 28 applied to the exterior
surface of the wall was optimum. The authors highlighted that se-
lection of the PCM melting temperature is crucial and it depends
on the location of the PCM layer. Alam et al. (2017) compared
the effect of passive and free cooling application methods of PCM
for the residential building located in the climate of Melbourne
(Australia) representing the Cfb climate zone utilizing Energy Plus
software. The results of the study revealed that the free cooling
approach was more effective, and PCM with a melting tempera-
ture of 25 ◦C resulted in higher values of peak temperature drop.
The authors concluded that PCM melting temperature should be
chosen based on the PCM application method. Additionally, they
highlighted that for passive application of the PCM, optimum PCM
melting temperature equals the average indoor air temperature,
whereas for the free cooling application method it is equivalent to
the average outdoor air temperature of the climate zone. Saffari
et al. (2017a) conducted a simulation-based optimization of PCM
melting temperature for improving the energy-saving potential of
the building using Energy Plus and GenOpt software. The results
showed that for Berlin, Paris, and Johannesburg optimum PCM
melting temperatures were 24.38 ◦C, 24.06 ◦C, and 25.56 ◦C
respectively.

From the literature mentioned above, it can be concluded that
there are a lot of studies about the optimization of the amount
of PCM and PCM melting temperature. However, there is a lack
of studies evaluating the sensitivity of the energy savings to the
PCM melting temperature and providing its quantitative analysis.
Therefore, the present paper aims to address this research gap
by optimizing the thickness and melting temperature of the PCM
and providing a quantitative analysis of the sensitivity of energy
savings to the PCM melting temperature for an office building
located in eight cities of the Cfb climate zone using Design Builder
software and setting Fanger model thermal comfort conditions.

A novel indicator of average savings drop (ASD) was introduced
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for evaluating the conducted sensitivity analysis. The impact of
outdoor climate conditions on the sensitivity of energy savings
to the selection of PCM melting temperature was evaluated. Ad-
ditionally, an investigation of the effect of real PCM melting
temperature on the energy performance of the PCM integrated
building located in the Cfb climate zone as well as economic
and environmental analyses of PCM integrated buildings were
conducted.

2. Methodology

2.1. Climate region

The temperate oceanic climate region (Cfb by Koppen clas-
sification) is characterized by warm summer, mild winter, and
mostly rainy weather. The temperature in this region fluctuates
between −3 ◦C and +18 ◦C throughout the year. The location
f the Cfb climate zone on the world map is shown in yellow
olor in Fig. 1. Based on the population and economic importance,
ight cities located in different countries were selected. Table 1
ontains detailed information about selected cities.

.2. Building model

For analysis, a flat-roof three-story office building with a base
rea of 1000 m2 and a total height of 9.9 m (3.3 m per story)
as used. Each side of the story contains five windows with the
imensions of 1. 5 m × 3 m each placed 0.9 m above the floor.
very window consists of two glass panels separated by an air gap
f 6 mm. Each glass panel has a thermal conductivity of 0.9 W/m-
and a thickness of 6 mm. A door with a size of 2.4 m × 3 m

s placed on the east wall. Fig. 2 shows the building selected for
nalysis. Exterior wall and roof compositions were extracted from
he study of Saffari et al. (2016). External walls consist of four
ayers: plasterboard with a thickness of 12 mm, PCM layer with a
hickness varying from 20–100 mm, and 200 mm, fiberglass with
thickness of 66 mm, and wood siding of 9 mm. The roof also
onsists of four layers: polyurethane layer of 6 mm, PCM layer
arying from 20–100 mm, and 200 mm, insulation layer with the
hickness of 20 mm, and gypsum board of 0.0127 mm. For both
he external wall and roof, the PCM layer was placed right after
he inner layer. The thermophysical properties of the materials
sed for both wall and roof compositions are shown in Table 2.
he infiltration rate was set to 0.5 ACH.

.3. PCM characteristics

Initially, for analysis, fictitious PCMs with the density of
60 kg/m3, the specific heat of 1970 J/kg-K, the conductivity of
.2 W/m-K and latent heat of 219 kJ/kg were used. The melting
emperature of the selected PCM ranged from 18 ◦C to 30 ◦C with
he 1 ◦C step. Each PCM has a phase change temperature range
f 4 ◦C, so that for PCM 18 the melting temperature range varies
rom 16 ◦C to 20 ◦C, while for PCM 30 it was ranging from 28 ◦C
to 32 ◦C . Fig. 3 represents the enthalpy temperature curves for
selected fictitious PCMs.

2.4. Numerical simulations

The analysis was accomplished by means of Design Builder
Software representing a comprehensive interface built over
Energy Plus Software. To simulate materials with changing
thermo-physical properties such as PCM, one-dimensional Con-
duction Finite Difference (ConFD) algorithm was selected. A fully
implicit scheme was applied in combination with the enthalpy–

temperature function defined by the user. The heat transfer
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Fig. 1. Area of Cfb region and location of selected cities.
Fig. 2. Building model in Design Builder.
Table 1
List of selected Cfb cities.
City Country Status Latitude Longitude

Melbourne Australia Capital of state −37.840935 144.946457
Paris France Capital city 48.864716 2.349014
Bogota Colombia Capital city 4.624335 −74.063644
Bilbao Spain The administrative center of the province 43.262985 −2.935013
Mar del Plata Argentine Port city −37.979858 −57.589794
Zonguldak Turkey Capital of province 41.451733 31.791344
Srinagar India Capital of state 34.083656 74.797371
Port Elizabeth RSA Port city 33.991360 25.656912
Table 2
Characteristics of building materials used.
Material Conductivity, W/m-K Specific Heat, J/kg-K Density, kg/m3 Thickness, mm

Wall
Plasterboard (Inner layer) 0.16 840 950 12
PCM 0.2 1970 860 20–100, 200
Fiberglass 0.04 840 12 66
Wood siding (Outer layer) 0.14 900 530 9

Roof
Polyurethane (Inner layer) 0.0305 1381 1144 6
PCM 0.2 1970 860 20–100, 200
Insulation 0.034 883 12 20
Gypsum board (Outer layer) 0.16 1090 800 0.0127
6303
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quation used for a fully implicit scheme can be derived from the
pproximation of the one-dimensional diffusion equation (Anon,
006):

c
dT
dt

=
d
dx

(
k
dT
dx

)
(1)

Where:
ρ − density
c − specific heat
T − temperature
t − time
x − distance in direction of diffusion

k − thermal conductivity

There are three methods of approximation of differential equation
such as central, forward, and backward difference (Hyoung Kyu,
2015):

df (x)
dx

≈
f
(
x +

∆x
2

)
− f (x −

∆x
2 )

∆x
- first order central difference

(2)

df (x)
dx

≈
f (x + ∆x) − f (x)

∆x
- first-order forward difference (3)

df (x)
dx

≈
f (x) − f (x − ∆x)

∆x
- first-order backward difference (4)

These approximations were applied to diffusion Eq. (1) to obtain
the equation used in the Energy Plus software. First, the tempera-
ture variation with time in Eq. (1) was approximated by backward
difference (4) on i-node and j-time step.(
dT
dt

)j

i
≈

T j
i − T j−1

i

∆t
(5)

Then the central difference approximation (2) was applied to the
second derivative of temperature with distance x:

(
d
dx

(k
dT
dx

))ji ≈

(
k dT

dx

)j
i+ 1

2
−

(
k dT

dx

)j
i− 1

2

∆x
(6)

Using forward difference approximation (3) gave:

(k
dT
dx

)ji+1/2 ≈ k+

T j
i+1 − T j

i

∆x
(7)

(k
dT
dx

)ji−1/2 ≈ k−

T j
i − T j

i−1

∆x
(8)
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Where:

k+ is thermal conductivity between i and i + 1
k− is thermal conductivity between i and i − 1.

Rearranging Eq. (6) with Eqs. (7) and (8) led to:

(
d
dx

(k
dT
dx

))ji ≈

(
k dT

dx

)j
i+1/2 −

(
k dT

dx

)j
i−1/2

∆x
≈

k+

T ji+1−T ji
∆x − k−

T ji −T ji−1
∆x

∆x
(9)

Finally applying Eqs. (5) and (9) to Eq. (1) gave the 1st order fully
implicit equation algorithm used in Energy Plus (2022), which is:

Cρ∆x
T j
i − T j−1

i

∆t
= k+

T j
i+1 − T j

i

∆x
+ k−

T j
i−1 − T j

i

∆x
(10)

he variation of thermal conductivity (k) with temperature (t) in
he algorithm is given by:

t = k20 + K (t − 20) (11)

here:
k20 is the value of thermal conductivity at 20 ◦C
K is the change in conductivity per degree temperature differ-

nce from 20 ◦C (Energy Plus, 2022).
Specific heat capacity of PCM is changing at each time step in

ccordance with the following formula (Energy Plus, 2022):

p =
hj
i − hj−1

i

T j
i − T j−1

i

(12)

where h (kJ/kg) is a specific enthalpy provided by a user as a
function of temperature.

Tabares-Velasco et al. (2012) validated the reliability of Energy
Plus in simulating PCM models and suggested some guidelines to
improve its operation in the software. According to the authors,
the time step should be less or equal to 3 min. Additionally, to
produce more accurate hourly results, a smaller nodal space (less
than 1/3 of the default value) should be used. For the present
study, the time step of 2 min was selected.

2.5. Validation

In order to validate the reliability of the Design Builder model
in simulating PCM, the experiment conducted by Cui et al. (2015)
was modeled and simulated in the Design Builder software. In the
experiment, Cui et al. (2015) used a lightweight aggregate con-
crete cubicle (Fig. 4) with the dimensions of 500 mm × 500 mm

× 500 mm and a thickness of 20 mm for investigating the impact
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Fig. 4. Experimental model (Bimaganbetova et al., 2019).

Fig. 5. Numerical model (Bimaganbetova et al., 2019).

f the PCM having the melting temperature of 23 ◦C on inside
ir temperature fluctuations in the climate of Shenzhen, China.
herefore, the model with the same dimensions was designed
n the Design Builder software (Fig. 5) and the weather file of
henzhen city was used. The analysis was accomplished for 48 h.
ig. 6 summarizes experimental and simulation-based results of
nside air temperature. Based on the data presented, the discrep-
ncy between experimental and simulation results was less than
.5%. The deviation between numerical and experimental data
an be a consequence of the simplification of the model and
ncertainties linked to measurements. Some studies (Mi et al.,
016; Markarian and Fazelpour, 2019b; Alam et al., 2014) also
ound that the difference between experimental and numerical
imulation results was up to 5%.

.6. Thermal comfort model

Thermal comfort represents a condition of the mind express-
ng human satisfaction with the thermal environment. The are
everal approaches to measure thermal comfort conditions: op-
rative temperature, adaptive thermal comfort theory (ADT), and
anger’s predictive mean vote (Saffari et al., 2016). Operative
emperature represents a temperature sensed by people. It is
alculated as a combination of mean radiant temperature and air

emperature (Designing Buildings, 2020). The adaptive thermal

6305
Table 3
Sensation categories by PMV (Energy Plus, 2022).
PMV value Sensations

+3 Hot
+2 Warm
+1 Slightly warm
0 Neutral
−1 Slightly cool
−2 Cool
−3 Cold

comfort model is based on the idea that outdoor climate con-
ditions influence indoor comfort conditions and occupants can
adapt themselves to different temperatures in various periods of
the year. The model is applicable to occupant controlled, natu-
rally ventilated buildings. In ASHRAE-55 2010 (AHSRAE-55-2010,
2010) outdoor air temperature is used as the main factor for
calculating the 80% and 90% thermal comfort satisfaction ranges.
Fanger model was developed on the assumption that thermal
comfort depends on the occupant’s skin temperature and sweat
secretion, and thermal comfort is reached only in the case when
these two factors were balanced (Santamouris, 2014). Conducting
climate chamber experiments, Fanger concluded that thermal
comfort can be determined using metabolic rate, clothing insula-
tion and occupant’s environmental conditions (Djongyang et al.,
2010). Using data obtained from the climate chamber experiment
on 1296 Danish students, Fanger expanded the thermal comfort
equation. The resulting equation was based on the four physical
factors (such as air temperature, mean radiant temperature, air
velocity and air humidity) and two personal factors (such as
clothing insulation and metabolic rates of daily activities) related
to the ASHRAE thermal seven-point sensation scale; it is known
as the predictive mean vote (PMV) index. Thus, the Fanger PMV
index represents an average vote of a large group of people on the
ASHRAE thermal seven-point sensation scale (Table 3) (AHSRAE-
55-2010, 2010). The Fanger model is one of the oldest and the
most widely used thermal comfort models (Zhao et al., 2021).
Therefore, in the present study, it was used as the thermal com-
fort model. Fig. 7 provides a schematic representation of the
factors affecting the Fanger PMV index.

2.6.1. HVAC
For analysis, Packaged Terminal Heat Pump (PTHP) HVAC sys-

tem was used. PTHP system consists of DX heating and cooling
coils, an air fan and an additional humidistat controller (De-
sign Builder, 2020). The HVAC system operated 24 h per day,
7 days per week so that the comfort conditions were held per-
manently. The Fanger model can be applied when the detailed
HVAC option is switched on. This option allows controlling indoor
thermal comfort conditions using Fanger PMV heating and cool-
ing setpoints instead of usual temperature setpoints. Following
ASHRAE-55 2010 (AHSRAE-55-2010, 2010) standard, the PMV
cooling and heating setpoints were set as +0.5 and −0.5 respec-
tively. The clothing insulation values were set to 0.5 clo and 1.0
clo for the summer and winter periods respectively, while the
metabolic rate was set to 127 W/person.

2.6.2. Inner surface analysis
In order to evaluate the effectiveness of the PCM in improving

the thermal comfort conditions, an inner surface analysis was
conducted. The gist behind this method is that the temperature of
the PCM layer is assumed to be approximately equal to the inner
surface temperature of the wall, because the PCM layer is located
closer to the inner layer of the wall. The whole evaluation process
can be described in two cases. In the first case, called ‘‘HVAC’’ the
HVAC system is switched on, while no PCM layer is applied. In the
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Fig. 6. Experimental vs simulation-based inside air temperature values (Kenzhekhanov et al., 2020).
Fig. 7. Factors affecting Fanger PMV index.
econd case called ‘‘PCM’’, the HVAC system was switched off, and
he PCM layer was applied.

Analyzing the inner surface temperature of the PCM when
he HVAC system is switched off allows assessing the real per-
ormance of PCM in improving the thermal comfort conditions
hile considering the inner surface temperature of the wall when
o PCM is applied and the HVAC system is switched on allows
valuating the performance of the HVAC system.
In the periods when the temperature for the PCM case is close

o the temperature for the HVAC case (left green rectangle in
ig. 8), it means that PCM demonstrates a performance similar
o the HVAC system and it is effective in supporting thermal
onditions that in turn results in the higher energy savings. In the
eriods when there is a considerable difference between HVAC
nd PCM temperature values (right red rectangle in Fig. 8), the
CM demonstrates less effective performance.

.7. Effect of the amount of PCM on the energy performance

The effectiveness of PCM in improving the energy performance
f the building strongly depends on such factors as the amount of
CM applied to the building envelope. In the present study, the
ptimization of the PCM layer thickness was accomplished. PCM
ayer thicknesses varied from 2 cm to 10 cm with the increment
f 1 cm and one more case with a PCM layer thickness of 20 cm
ere considered. As performance indicators energy savings and
6306
energy savings per unit thickness were considered. Energy sav-
ings (ES) represent the amount of energy saved, once the PCM
layer is applied to the building envelope. It is calculated as the
difference between the energy consumption (EC) of the build-
ing without PCM and the energy consumption of the building
integrated with PCM.

ES = EC(without PCM) − EC(with PCM) (13)

To check the effectiveness of PCM layer thickness, the amount
of energy savings per unit thickness was calculated. For this
purpose, the ES obtained for each case was divided by thickness
value.

2.8. Effect of PCM melting temperature on the energy performance

In addition to the amount of PCM, the effectiveness of the PCM
in improving the energy performance of the building depends on
the PCM melting temperature. In the present study, the optimum
PCM melting temperature for each city was determined. For
analysis, PCMs with the melting temperature range varying from
18 ◦C to 30 ◦C were considered. The optimization process was
based on energy savings (ES) and energy consumption reduction
(ECR). Annual energy consumption reduction (ECR) represents the
percentage of the energy saved once the PCM layer is applied

to the building envelope. It is calculated using the following
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Fig. 8. Daily inner surface analysis example for December.
ormula:

CR =
EC (without PCM) − EC(with PCM)

EC(without PCM)
x100% (14)

2.9. Sensitivity analysis

In order to quantify the sensitivity of the energy performance
of the building to the selection of the PCM melting temperature,
a novel indicator of average savings drop (ASD) was introduced.
Average savings drop (ASD) represents a change in annual energy
consumption reduction per 1 ◦C change in the optimum PCM
melting temperature. It is calculated as the ratio of the difference
in energy consumption reduction (ECR) values of the most and
least effective PCMs to the difference in melting temperature
(Tmost and Tleast) of the most effective and least effective PCMs.
Higher ASD values show higher sensitivity of the energy savings
to the selection of the PCM melting temperature.

ASD = |
ECRmost − ECRleast

Tmost − Tleast
| (15)

To evaluate the impact of outside climate conditions namely
outside air temperature and direct solar radiation on the ASD
values, the steadiness of the outside air temperature and direct
solar radiation was determined through standard deviation. The
formula of standard deviation is presented below:

xave =

∑365
1 xi
365

(16)

t.Dev =

√ 1
365

×

365∑
1

(xi − xave)2 (17)

Where:
xi − daily samples (temperature or solar radiation)
xave − annual average of daily samples
St.Dev − standard deviation of daily samples

2.10. Real PCMs

Initially, the fictitious PCMs were used for comparative and
optimization purposes due to the varying properties of the real
PCMs. After completing a fictitious PCM analysis, it was decided
to evaluate the impact of real PCMs on the energy performance
 v
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of the building for the cities representing the Cfb climate zone.
Inorganic materials such as salt hydrates are widely used due
to their non-flammability, high latent heat, good thermal con-
ductivity and comparatively low cost (Xu et al., 2017). However,
salt hydrates experience supercooling over the process of re-
leasing latent heat which limits their practical application (Xu
et al., 2017). Due to outweighing benefits of the organic PCMs
such as chemical stability, safety, corrosion resistance, good la-
tent heat of fusion, and absence of tendency to supercooling
or segregation (Mathew et al., 2019), four commercial organic
PCMs with available enthalpy–temperature curves were selected.
Based on the results of Section 3.3 real PCMs with the melting
temperature of 21 ◦C, 22 ◦C, 24 ◦C, and 25 ◦C were consid-
ered. Since the manufacturer did not provide thermophysical
properties and enthalpy–temperature curves for real PCM with
the melting temperature of 23 ◦C, PCM with this melting tem-
perature was not used for analysis. The main properties of the
selected materials are summarized in Table 4. Fig. 9 represents
the enthalpy–temperature curves provided by the manufacturer
(Rubitherm, 2020).

2.11. Economic analysis and environmental impact of PCM

To investigate the economic feasibility of the PCM integrated
building, the static payback period (SPP) was calculated using the
following formula:

SPP =
V × ρ × C1 + A × C2

ES × C3
(18)

Where V is the volume of the used PCM in m3, ρ is the density of
the PCM in kg/m3, C1 is the cost of PCM in USD/m3, A is the area
of the PCM in m2, C2 is the cost of installation in USD/m2, ES is the
amount of energy saved in kWh, and C3 is the cost of electricity
in USD/kWh. The total area of PCM was determined by adding
the roof area and area of all external walls (excluding windows)
and was found to be equal to 1982.15 m2. The volume of PCM
was determined by multiplying the total area by the optimum
PCM layer thickness. It was calculated after the optimum PCM
layer thickness was selected in Section 3.1. The price of PCM and
installation cost equal to 0.7 USD/kg and 5 USD/m2 respectively
were used for analysis; the values were adopted from the study
of Saffari et al. (2016). The average electricity cost per kWh
was individually found for each city. To calculate the amount of
CO2 reductions produced by energy consumption reductions, the
alues of CO emissions per kWh were used from OECD (2019).
2
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Table 4
Properties of real PCMs.
Name Type Melting temperature,

◦C
Heat storage capacity,
kJ/kg

Density,
kg/m3

Heat conductivity,
W/m K

Specific heat,
kJ/kg K

Ref.

PCM 21-r Organic 21 190 880 0.2 2000 Rubitherm (2020)
PCM 22-r Organic 22 190 880 0.2 2000 Rubitherm (2020)
PCM 24-r Organic 24 160 880 0.2 2000 Rubitherm (2020)
PCM 25-r Organic 25 210 880 0.2 2000 Rubitherm (2020)
Fig. 9. The enthalpy–temperature curve for real PCM.
. Results and discussion

.1. PCM thickness optimization

In this section, the impact of PCM thickness on the annual
nergy consumption of the building was investigated for selected
ities. Additionally, the optimum PCM layer thickness resulting
n the highest energy savings was determined. For analysis, PCM
ith a melting temperature of 23 ◦C was used. Overall, 9 cases
here PCM thickness varied from 2 cm to 10 cm with the incre-
ent of 1 cm and one more case with a PCM layer thickness of
0 cm were considered.
Ramakrishnan et al. (2016) tried to optimize the factors af-

ecting PCM effectiveness in enhancing the thermal comfort con-
itions inside the building located in several Australian cities
uring the summer period. The results showed that increasing
he thickness of the PCM notably improved thermal comfort
onditions inside the building. However, it resulted in a decrease
n thermal storage efficiency. Ascione et al. (2014) studied the
mpact of the PCM thickness on the energy consumption of the
CM integrated building located in five Mediterranean climates.
our different thicknesses of the PCM layer were considered:
.5 cm, 1 cm, 2 cm, and 3 cm. It was revealed, that with the
aising thickness, the cooling energy demand decreased. Thus,
he PCM layer with a thickness of 3 cm resulted in the highest
nergy savings. However, Ascione et al. (2014) mentioned that
urther raising of the PCM layer thickness was not economically
eneficial. The reason behind this was that the thicker PCM layer
ould not provide noticeable improvements in the comfort con-
itions, while the investment cost was increasing. Increasing the
CM layer thickness results in the rise of the PCM volume which
n turn leads to higher prices spent on the PCM. However, the
ncrease of the PCM layer does not produce higher energy savings,
hich in turn makes thicker PCM layers less cost-effective.
Therefore, to check the effectiveness of the thicker PCM layers,

he amount of energy savings per unit thickness was calculated.
6308
It allowed a detailed evaluation of the impact of each PCM layer
thickness increment on the energy savings. The results are pre-
sented in Fig. 10. Based on the data obtained, it is seen that for
all cities the amount of energy savings per unit thickness got
lower with the increase in the thickness of the PCM layer. For
example, in Srinagar, the application of the PCM layer with the
thickness of 2 cm resulted in energy savings of 10142 kWh/cm,
while for the thickness of 20 cm, it was 2061 kWh/cm. It implies
that each newly added increment of the PCM layer had less
impact on energy savings compared to the previous ones. Thus,
the application of the thinner PCM layer is more efficient since
it results in higher energy savings per unit thickness and as a
result lower investment costs. Lei et al. (2016) came to a similar
conclusion in their study about the effect of PCM on the energy
performance of the PCM integrated building in Singapore. The
authors scrutinized the influence of the amount of PCM on the
heat gain reduction varying the thickness of the PCM layer from
3 mm to 20 mm for both exterior and interior locations. The
data showed that with the incrementing thickness the heat gain
reduction rate per mm of the thickness got lower.

Overall, based on the results obtained it was noticed that for
the present study PCM layer of 2 cm is the optimum solution
for all cities. It is worth mentioning that despite the relationship
between ES per unit thickness and PCM layer thickness demon-
strated declining trends for all cities selected for analysis, the
absolute values of ES per unit thickness for specific PCM layer
thickness varied from city to city The possible reason behind this
is that the selected cities represent different climate conditions.
Ahangari and Maerefat (2019) emphasized the strong dependence
of PCM performance on the climate conditions of the studied area.
Therefore, the optimization of PCM melting temperature for the
selected cities was presented in Section 3.3.
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Fig. 10. Energy savings per unit thickness for PCM layer thicknesses of 2–10 cm, 20 cm.
3.2. Analysis of the impact of thin and thick PCM layers on energy
performance

This section provides a more detailed analysis of the impact
of thin and thick PCM layers on the energy performance of the
building. For this purpose, the monthly energy consumption of
the building integrated with PCM layers having a thickness of
2 cm and 20 cm were compared. Fig. 11 summarizes the results
of the energy consumption for thin and thick PCM layer thickness
cases for all cities. Based on the results obtained it is seen that in
some months PCM layer with a thickness of 2 cm demonstrates a
more effective performance resulting in less energy consumption.

To analyze the performance of 2 cm and 20 cm PCM lay-
ers, inner surface analysis was accomplished. For demonstration
purposes, the cities of Melbourne and Mar del Plata were se-
lected. For each city, one month when PCM layer with the thick-
ness of 20 cm resulted in more effective performance and one
month when PCM layer with the thickness of 2 cm demonstrated
more effective performance were selected. For Melbourne, these
months were January and May respectively, while for Mar del
Plata such months were July and April respectively. Fig. 12 sum-
marizes the results of the inner surface analysis for Melbourne
and Mar del Plata for January and July respectively. According to
the results presented, it can be noticed that the 20 cm PCM layer
demonstrates performance similar to the HVAC case. It means
that the application of the 20 cm PCM layer in these months
supported the thermal comfort conditions within the thermal
comfort range which in turn leads to energy savings. As for
the 2 cm PCM layer, then it works against the HVAC system,
which demonstrates a less effective performance in these months
leading to higher values of energy consumption. Fig. 13 demon-
strates the results of the inner surface analysis for Melbourne and
Mar del Plata in May and April respectively. Based on the data
presented it can be observed that in these months, the 2 cm PCM
layer inner surface temperature is closer to the temperature for
the HVAC case, while the 20 cm PCM layer works against HVAC.
Overall, the results of the inner surface analysis clearly explain
the reason behind more effective performance in terms of energy
savings for 20 cm PCM and 2 cm PCM cases in various months.

3.3. PCM melting temperature optimization

In this section, the effect of the PCM melting temperature on
the energy performance of the PCM integrated building located
in different cities of the Cfb climate zone was investigated. The
optimization of the PCM melting temperature was based on the
annual energy savings. For analysis, PCMs with melting tempera-
tures ranging from 18 ◦C to 30 ◦C were considered. Based on the
results of the previous section, a PCM layer with a thickness of
2 cm was used.
6309
The results of the energy savings and ECR for each PCM melt-
ing temperature for all cities are shown in Fig. 14. From the
results presented it can be seen that all PCMs notably improve
the energy performance of the building in all cities. Overall, PCMs
with a melting temperature in the range from 22 ◦C to 25 ◦C
resulted in slightly better performance, while PCMs with lower
and higher melting temperatures were less efficient. For example,
in Bilbao and Srinagar, PCM 22 resulted in the highest energy sav-
ings of 12460 kWh and 20468 kWh respectively, while in Bogota
and Zonguldak, PCM 23 showed the best performance achieving
energy savings of 20741 kWh and 12497 kWh accordingly. In
Paris, Mar del Plata, and Port Elizabeth, PCM24 was found to be
optimum demonstrating energy savings of 14543 kWh, 17868
kWh and 10380 kWh, respectively. Finally, in Melbourne, PCM 25
resulted in the highest energy savings of 15541 kWh accordingly.
The effectiveness of PCM 22–PCM 25 can be explained by favor-
able outside climate conditions in this climate region. Saffari et al.
(2017b) tried to find optimum PCM melting temperatures for
increasing the energy-saving potential of the lightweight building
located in different climates of the world. As representatives
of the Cfb climate zone, the authors considered Berlin, Paris,
and Johannesburg. The results showed, that in Berlin, Paris, and
Johannesburg optimum PCM melting temperatures were 24.38 ◦C
, 24.06 ◦C , and 25.56 ◦C respectively. This data is similar to the
optimum PCMmelting temperature range obtained in the present
study. Alam et al. (2017) investigated the impact of PCM melting
temperature on the thermal performance of the residential build-
ing located in the climate of Melbourne (Australia) representing
the Cfb climate zone using Energy Plus software. The results of
the study revealed that PCM with a melting temperature of 25 ◦C
was the best and resulted in higher values of peak temperature
drop.

For a more detailed analysis of the impact of PCMmelting tem-
perature on the energy-saving potential of the building, monthly
energy consumption of the most effective PCM and least effective
PCM were considered. For demonstration purposes, the cities of
Bilbao and Zonguldak were selected. In Bilbao and Zonguldak
the most effective performance was demonstrated by PCM 22
and PCM 23 respectively, while PCM 30 resulted in the lowest
energy-saving performance for both cities. Fig. 15 summarizes
the monthly energy consumption of the most and least effective
PCMs for Bilbao and Zonguldak. According to the data obtained, it
can be noticed that in Bilbao in June, July, August, and September
both PCM 22 and PCM 30 demonstrated similar performance,
while in the remaining months, PCM 22 resulted in slightly lower
energy consumption values. In Zonguldak, most of the time ex-
cept for March, April, and May both PCMs (PCM 23 and PCM 30)
showed similar performance. In March, April, and May, PCM 23
resulted in slightly lower energy consumption values. To analyze
the performance of the most effective and least effective PCMs,
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Fig. 11. Energy consumption for 2 cm and 20 cm cases.
he inner surface analysis was conducted. For each city, two
onths were considered: one month when both the most and

east effective PCMs demonstrated the same performance, and
ne month when the most effective PCM showed slightly better
6310
performance. Fig. 16 summarizes the results of the inner surface
analysis for Bilbao and Zonguldak for months when the most and
least effective PCMs demonstrate similar performance in terms of
energy consumption, which are August and July respectively. The
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Fig. 12. Daily inner surface analysis: effectiveness of 20 cm PCM (Melbourne and Mar del Plata).
Fig. 13. Daily inner surface analysis: effectiveness of 2 cm PCM (Melbourne and Mar del Plata).
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esults show that in the selected cities both PCMs work against
VAC, demonstrating a huge gap in inner surface temperature
etween PCM cases and HVAC cases. This explains similar energy
onsumption values for both (least and most effective) PCMs.
ig. 17 represents the results of the inner surface analysis for
ilbao and Zonguldak for months when the most effective PCM
emonstrated slightly better performance, which are November
nd April, respectively. According to the results presented, it can
e noticed that in Bilbao, most of the time the gap between
he HVAC case and PCM 22 is notably smaller compared to the
CM 30 case. This demonstrates the effectiveness of PCM 22
n supporting favorable thermal comfort conditions inside the
uilding similar to the HVAC system. In Zonguldak during some
ays of the month, the gap between the temperature for the
VAC case and PCM 23 case was smaller compared to the HVAC
ase, demonstrating the more effective performance of the PCM
3 over PCM 30.

.4. Impact of optimum PCMs on the thermal comfort

In this section, the impact of the optimum PCMs on the PMV
alues was evaluated. For demonstration purposes, four days of
he summer period (June 12–June 15) were selected. Despite
hermal comfort was set to PMV values ranging from −0.5 to
0.5, the integration of the PCM slightly affected PMV values.
ig. 18 summarizes the results of the PMV values for no PCM
nd optimum PCM cases during four consecutive days for selected
ities. From the data presented, it can be noticed that for all cities,
he PMV pattern for no PCM and optimum PCM cases is similar.
owever, during the periods ranging from 00:00 h to 06:00 h of
ach day, PMV values for optimum PCM cases are more towards
ero compared to no PCM case. It means that PCM is working
nd helps to improve the thermal conditions inside the building
y moving the neutral sensation category. Overall, despite the
VAC setpoints, the integration of PCM slightly helps to achieve
he level of thermal comfort inside the office building considered

or analysis.

6311
.5. The sensitivity analysis on PCM melting temperature selection

Based on the results of the previous section it was concluded
hat PCMs with a melting temperature in the range from 22 ◦C to
5 ◦C are optimum for eight cities representing the Cfb climate
one. However, the obtained PCM melting temperature range is
till wide, and random selection of the PCM melting temperature
rom this range may notably affect the energy performance of
he building. Therefore, this section investigates to what extent
he random selection of the PCM melting temperature from the
btained optimum range can affect the energy performance of
he building. For this purpose, for each city, PCMs resulting in
he lowest and the highest annual energy savings within the
ptimum range (22–25 ◦C ) were selected and analyzed. The
ist of the most effective and least effective PCMs out of the
roposed optimum PCM range is provided in Table 5, whereas the
nergy savings and ECR values for those PCMs are summarized in
ig. 19. From the results presented it can be seen that differences
n ECR between the most effective and least effective PCMs are
.6%, 1.5%, 2.4%, 1.2%, 1.1%, 0.9%, 0.6% and 0.4% in Bogota, Port
lizabeth, Mar del Plata, Melbourne, Paris, Bilbao, Srinagar, and
onguldak respectively. Bogota demonstrated the highest ECR
ifference, which means that it is sensitive to the selection of PCM
elting temperature and it is crucial to select the optimum PCM
ut of the provided range. In contrast, Zonguldak is characterized
y the lowest drop in ECR values of the top-1 and top-4 PCMs,
hich in turn means that it is not sensitive, and all the PCMs from
he PCM 22-PCM 25 range are equally effective. The contrast in
he results for Zonguldak and Bogota can be explained by a differ-
nce in outside climate conditions. Fig. 20 demonstrates monthly
utside air temperature values for Bogota and Zonguldak, while
ig. 21 represents the monthly direct normal solar radiation for
hese cities.

In order to quantify the impact of the steadiness of climate
onditions on the sensitivity of energy savings to the selection
f PCM melting temperature out of the suggested optimum PCM
elting temperature range, a standard deviation of outside air
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Fig. 14. ES and ECR for PCM 18-PCM 30 cases.
emperature and direct solar radiation as well as average savings
rop (ASD) were calculated. The steadiness of climate condi-
ions is represented by the standard deviation of the outside air
emperature and direct solar radiation, while the quantitative
valuation of the sensitivity of energy savings to the selection
f optimum PCM melting temperature is represented by ASD.
he higher ASD value shows higher sensitivity values. Figs. 22
nd 23 represent the relationship between ASD and outside air
6312
temperature and solar radiation standard deviation respectively
for all cities. Overall, it is seen that in cities, characterized by
high standard deviation values for outside air temperature and
solar radiation, ASD values were notably low, while in cities
with low standard deviation values for outside climate conditions
ASD values were comparatively high. The results demonstrate
that the energy performance of the building in Bogota is quite
sensitive to the selection of PCM melting temperature and it is
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Fig. 15. Monthly energy consumption of most and least effective PCMs (Bilbao and Zonguldak).
Fig. 16. Daily inner surface analysis: ineffectiveness of optimum PCM (Bilbao and Zonguldak).
Fig. 17. Daily inner surface analysis: effectiveness of optimum PCM (Bilbao and Zonguldak).
elated to the steadiness of the climate conditions. Thus, it can be
oncluded that the sensitivity of the energy performance depends
n the steadiness of outside climate conditions. Therefore, this
actor should be considered in the PCM melting temperature
ptimization process.

.6. Energy performance of the building integrated with real PCMs

In this section, the impact of real PCMs on the annual energy
onsumption of office building located in different cities of Cfb
limate zones was investigated. Fig. 24 summarizes the results
f the energy simulations for all cities. Overall, in all cities, PCM
5-r resulted in the highest energy savings, reaching the values
f 14013 kWh, 21404 kWh, 16024 kWh, 11263 kWh, 20081
Wh, 22535 kWh, 14225 kWh, and 17303 kWh in Bilbao, Bogota,
aris, Port Elizabeth, Mar del Plata, Srinagar, Zonguldak, and
elbourne respectively. In all cities except for Bogota and Port
6313
Table 5
List of most effective and least effective PCMs for all cities from the selected
optimum melting temperature range.

Most effective PCM Least effective PCM

Bogota PCM 23 PCM 22
Port Elizabeth PCM 24 PCM 22
Mar del Plata PCM 24 PCM 22
Melbourne PCM 25 PCM 22
Paris PCM 24 PCM 22
Bilbao PCM 22 PCM 25
Srinagar PCM 22 PCM 25
Zonguldak PCM 23 PCM 25

Elizabeth, PCM 22-r resulted in the lowest annual energy savings,
while in the remaining cities PCM 21-r demonstrated the worst
performance. However, it is worth mentioning that in all cities
the difference in energy savings for PCM 21-r and PCM 22-r cases
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Fig. 18. PMV for No PCM and optimum PCMs for four consecutive days (June 12–June 15).
s very small. According to the data presented, it can be noticed
hat Port Elizabeth is characterized by the lowest annual energy
avings for all PCMs, and Srinagar is characterized by the highest
nergy savings for all PCMs.
For more detailed analysis, the monthly energy savings of

he most effective and least effective PCMs were considered for
rinagar and Port Elizabeth (Fig. 25). According to the data pre-
ented, in Port Elizabeth, PCM 25-r resulted in comparatively
igher energy savings in all months except for April. It reached
he maximum energy savings of up to 1766 kWh in October.
n Srinagar, in the period from March to July, and from Au-
ust to October, PCM 25-r demonstrated comparatively higher
6314
energy savings, while in the remaining months both PCM 22-
r and PCM 25-r showed similar performance. The maximum
energy savings produced by the integration of PCM 25-r were
observed in November, it reached the value of 3489 kWh. To
analyze the performance of the most effective and least effective
PCMs, the inner surface analysis was conducted. For each city,
two months were considered: one month when both the most
and least effective PCMs demonstrated the same performance,
and one month when the most effective PCM showed slightly
better performance. Fig. 26 represents the results of the inner
surface analysis for Port Elizabeth and Srinagar for months when
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Fig. 19. ES and ECR for least and most effective PCMs.

Fig. 20. Monthly outside air temperature.

Fig. 21. Monthly direct normal solar radiation.

6315
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Fig. 22. ASD vs Temperature St. Dev.

Fig. 23. ASD vs Solar radiation St. Dev.

Fig. 24. Annual energy savings for real PCMs.
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Fig. 25. Monthly energy savings for Port Elizabeth and Srinagar.
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he most effective real PCMs demonstrated slightly better per-
ormance, which are October and April, respectively. The results
how that in Srinagar, most of the time the gap between the
VAC case and PCM 25-r is notably smaller compared to the
CM 22-r case. This demonstrates the effectiveness of PCM 25-
in supporting favorable thermal comfort conditions inside the
uilding similar to the HVAC system. In Port Elizabeth during
ome days of the month, the gap between the temperature for the
VAC case and PCM 25-r case was slightly smaller compared to
he HVAC case, demonstrating the more effective performance of
he PCM 25-r over PCM 21-r. Fig. 27 represents the results of the
nner surface analysis for Port Elizabeth and Srinagar for months
hen the most and least effective PCMs demonstrate similar
erformance in terms of energy savings, which are April and Oc-
ober respectively. According to the data presented in the selected
ities both the most and least effective PCMs work against HVAC,
emonstrating a huge gap in inner surface temperature between
CM cases and HVAC case, which explains the same amount of
nergy savings produced by the most effective and least effective
CMs.
Comparing the energy performance of real PCMs with the

nergy performance of fictitious PCMs, several changes can be
bserved. For fictitious PCMs, the optimum melting temperature
aried from city to city in the range from 22 ◦C to 25 ◦C ,
hile for real PCMs, PCM with the melting temperature of 25 ◦C
howed the best performance in terms of energy savings in all
ities selected for analysis. The possible reason behind this is
he fact that fictitious PCMs had the same heat storage capacity,
hile real PCMs considered in the present study possess various
eat storage capacities, and PCM 25-r has the highest value of
10 kJ/kg compared to the values of heat storage capacity for
CM 21-r, PCM 22-r, and PCM 24-r which are 190 kJ/kg, 190
J/kg, and 160 kJ/kg respectively. It is therefore recommended to
nvestigate the sensitivity of energy performance to the selection
f thermophysical properties of PCM.

.7. Economic and environmental analysis of the PCM integration

In this section, the economic feasibility of PCM integrated
uildings in eight cities in the Cfb climate zone was evaluated
sing a static payback period indicator. The economic analysis
as conducted for the optimized thickness of 2 cm and optimum
eal PCM so that the volume of the used PCM was 39.643 m3.
able 5 summarizes the energy savings, cost of electricity in USD
er kWh and equivalent CO2 emissions in kg per kWh for each
ity selected for analysis. Fig. 28 represents the payback period for
ach city. According to the data presented, for all cities except for
onguldak and Mar del Plata, the payback period varied from 9 to
9 years. In Zonguldak and Mar del Plata, the payback period was
6317
7.8 and 43.8 years respectively. These values can be explained by
he comparatively low price for electricity in these cities equal to
.031 USD/kWh and 0.039 USD/kWh for Zonguldak and Mar del
lata respectively. Although the cost of electricity in Mar del Plata
s similar to that of Zonguldak, the payback period is considerably
maller because the integration of PCM in this city resulted in
otably higher energy savings. The lowest payback period of
.5 years was observed in Bilbao. The reason behind this is the
omparatively high cost of electricity in this city, which makes the
ntegration of PCM an energy-efficient and cost-effective solution.
n Bogota and Paris, the payback period was around 11 years, it
s also related to a comparatively higher price for electricity and
igher energy savings in these cities.
For environmental analysis, the amount of CO2 emissions that

an be reduced due to the integration of PCM was determined.
or this, the quantities of CO2 emissions caused by electricity
eneration in various countries were used. Fig. 29 summarizes
he results of the CO2 equivalent savings for selected cities. The
esults show that Srinagar and Melbourne are characterized by
he largest amount of CO2 savings caused by the integration of
CM, reaching the values of 20507 kg/year and 13808 kg/year
espectively. This trend can be explained by the largest amount
f CO2 emissions caused by the production of 1 kWh of electricity
n Srinagar (India) and Melbourne (Australia) shown in Table 6.
he main source of energy in both India and Australia is coal.
s far as Paris (France) is concerned, it is characterized by the
owest amount of CO2 savings, reaching the value of 1025 kg/year.
rom Table 6 it is seen that Paris has the lowest amount of CO2
missions caused by the generation of electricity. The possible
eason behind this is that 71% of total power generated in France
s obtained from nuclear power plants (Anon, 2022), which do not
roduce greenhouse gas emissions. Overall, the results demon-
trate that the utilization of PCM in most of the cities in the Cfb
limate zone is economically and environmentally feasible.

. Conclusions and recommendations

In the present study optimization of PCM layer thickness as
ell as PCM melting temperature for increasing the annual en-
rgy savings of the office building located in eight cities of Cfb
limate zone was accomplished using Design Builder software
nder Fanger model thermal comfort conditions. The sensitivity
f the energy-saving potential of the building to the selection of
CM melting temperature was analyzed and quantified by using
novel indicator of average savings drop (ASD). Then, the impact
f real PCMs on the energy performance of the PCM integrated
uildings was studied. Additionally, the economic and environ-
ental analysis of the PCM integrated buildings was provided.
he main findings are summarized below:
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Fig. 26. Daily inner surface analysis: effectiveness of optimum PCM (Port Elizabeth and Srinagar).

Fig. 27. Daily inner surface analysis: ineffectiveness of optimum PCM (Port Elizabeth and Srinagar).

Fig. 28. SPP for selected cities.

Fig. 29. Amount of annual CO2 savings produced by the integration of PCM.
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Table 6
Summary of energy savings, electricity cost per kWh and amount of CO2 emissions per kWh for selected cities.
City Country ES, kWh Cost of electricity, USD/kWh CO2 emissions, kg/kWh

Bilbao Spain 14013.98 0.26a 0.167
Bogota Columbia 21404.98 0.144b 0.182
Paris France 16024.92 0.19c 0.064
Port Elizabeth South Africa 11263.22 0.16d 0.432
Mar Del Plata Argentina 20081.73 0.039e 0.46
Srinagar India 22535.85 0.108f 0.91
Zonguldak Turkey 14225.34 0.031g 0.442
Melbourne Australia 17303.38 0.108h 0.798

ahttps://www.costtotravel.com/cost/electricity-in-bilbao.
bhttps://www.globalpetrolprices.com/Colombia/electricity_prices/.
chttps://en.selectra.info/energy-france/guides/electricity/tariffs.
dhttps://mybroadband.co.za/news/energy/387796-the-south-african-cities-with-the-most-expensive-electricity.html.
ehttps://www.globalpetrolprices.com/Argentina/electricity_prices/.
fhttps://www.globalpetrolprices.com/India/electricity_prices/.
ghttps://www.costtotravel.com/cost/electricity-in-zonguldak.
hhttps://www.globalpetrolprices.com/Australia/electricity_prices/.
• In all cities representing the Cfb climate zone PCM layer with
the thickness of 20 cm produced the highest energy savings,
whereas the PCM layer with the thickness of 2 cm resulted
in the highest energy savings growth per unit thickness. It
was selected as optimum because it was more efficient and
cost-effective.

• The results of the PCMmelting temperature optimization re-
vealed that for considered Cfb climate zone cities, fictitious
PCMs with the melting temperature ranging from 22 ◦C to
25 ◦C demonstrated more effective performance. The effec-
tiveness of fictitious PCMs with this melting temperature
range can be explained by the fact that most of the time
outdoor climate conditions were favorable for these PCMs,
resulting in the highest cumulative annual energy savings.
The surface analysis supported the above-mentioned state-
ment showing that in the months with the comparatively
higher energy savings, the application of optimum PCM
resulted in the thermal performance similar to the HVAC
case.

• The integration of novel indicators of ASD allowed quan-
tification of the sensitivity of the energy savings to the
selection of PCM melting temperature, while the standard
deviation of outside air temperature and direct solar ra-
diation quantified the steady-state climate conditions of
each city. The relationship between ASD and steadiness of
climate conditions showed that in cities, characterized by
high standard deviation values for outside air temperature
and solar radiation, ASD values were notably low, while in
cities with low standard deviation values for outside climate
conditions, ASD values were comparatively high.

• Cities characterized by steady-state climate conditions are
more sensitive to the selection of PCM melting tempera-
ture out of the specified PCM melting temperature range.
For example, Bogota had notably stable climate conditions
compared to other cities, which explains its high sensitivity
to the selection of the optimum PCM melting temperature.

• The analysis of the impact of real PCMs on the energy
performance of the buildings showed that PCM 25-r resulted
in the highest energy savings in all cities. The economic
analysis showed that for most cities, the integration of PCM
into the building envelope is an economically feasible op-
tion. In Bilbao, Bogota, Paris, Port Elizabeth, Srinagar, and
Melbourne, the payback period was in the range of 9 to
19 years, whereas in Zonguldak and Mar del Plata it was 77.8
and 43.8 years respectively. Finally, from the environmental
analysis, it was revealed that the integration of PCM to the
buildings located in the Cfb climate zone is environmentally
feasible and may contribute to reducing the building-related
CO emissions.
2
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• For future studies, the concept of introduced sensitivity
analysis of energy performance to the selection of PCMmelt-
ing temperature can be extended and verified by applying
it to other climate regions and different building types. The
role of sensitivity analysis of energy performance to the
selection of thermo-physical properties of PCM should be
investigated. Also, the impact of climate change on sen-
sitivity analysis of energy performance to the selection of
PCM melting temperature can be evaluated. Finally, further
investigation regarding the optimization of PCM melting
temperature for cities with steady outside temperature and
solar radiation is recommended.
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