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Abstract: This study aims to investigate the thermal performance of PCM and PCM combined with
nighttime natural (NV) and mechanical ventilation (MV) applied to a residential building located in
eight cities of tropical rainforest climate zone (Af). The analysis was accomplished using numerical
simulations and developing a unique methodology for selecting the PCM melting temperature
based on the thermal comfort limits. The thermal performance of the PCM integrated building
was quantitatively evaluated using the concept of peak temperature drop. Additionally, a novel
indicator of Total Temperature Drop (TTD) was introduced to determine the overall impact of the
PCM and PCM combined with NV/MV on the thermal comfort conditions inside the building.
The results showed that PCM 28 was the most efficient in improving the thermal performance of the
building located in the Af climate zone, achieving a TTD of up to 356 ◦C per year. The usage of PCM
28 combined with nighttime natural ventilation improved the TTD values by up to 15%, whereas the
integration of PCM 28 combined with mechanical ventilation resulted in a TTD values increase of up
to 45%. Conclusively, mechanical ventilation showed its superiority over natural ventilation in the
tropical rainforest climate, and PCM 28 applied together with mechanical ventilation could be used
as the optimum combination for the whole climate zone.

Keywords: Af climate zone; phase change materials; daily peak temperature drop; total temperature
drop; natural ventilation; mechanical ventilation

1. Introduction

Due to fast-growing economic development and high living standards, a consider-
able increase in energy consumption can be observed worldwide. According to energy
consumption reports, around 80% of the global energy consumed comes from fossil fuel
combustion [1], which is the primary source of carbon dioxide emissions, significantly
contributing to environmental pollution and climate change. The building sector is one
of the main energy consumers and contributors to carbon dioxide emissions worldwide.
It is responsible for over one-third of the final global energy consumption and 40% of
global CO2 emissions [2]. There are predictions that the amount of energy consumed by
the building sector will keep on increasing due to more frequent use of energy-consuming
devices, better access to energy in developing countries, and the growing construction of
buildings worldwide [2]. Therefore, to reduce energy consumption and CO2 emissions,
it is crucial to develop renewable energy resources and adopt energy-efficient building de-
signs. In recent years, PCM has attracted many researchers’ attention as a potential tool for
passive heating and cooling applications. PCMs represent a type of thermal energy storage
materials that possess a large amount of energy during their phase change process [3,4].
With their extensive latent heat storage capacity, they increase the building’s thermal mass,
making the indoor temperature more stable [5,6].
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There are numerous studies about the thermal performance of PCM-integrated build-
ings in different climates of the world [7–10]. For example, Zhou et al. [7] numerically
analyzed the effect of the shape-stabilized PCM (SSPCM) plates incorporated into the walls
and ceiling on the inside temperature of a building located in Beijing, China. The authors
revealed that varying thermophysical properties of SSPCM and incorporating daytime
natural ventilation and nighttime mechanical ventilation reduced the indoor maximum
temperature by up to 2 ◦C. Alam et al. [8] conducted a comparative analysis of passive and
free cooling application methods of PCM integration into the building. The numerical study
undertaken for Melbourne’s climate demonstrated that the passive method of integration
of BioPCM reduced the indoor maximum temperature by up to 0.44 ◦C, and a free cooling
application of PCM resulted in a peak temperature reduction of up to 2.63 ◦C. The effective-
ness of applying PCM together with natural ventilation was analyzed by Zhang et al. [9].
The authors evaluated the effect of PCM combined with natural ventilation on the build-
ing’s energy efficiency and thermal performance in five cities of China. The study results
suggested that, in comparison with daytime ventilation, the nighttime ventilation was
more effective in improving the thermal performance of the building integrated with PCM.
The authors concluded that a higher air change rate of ventilation resulted in better thermal
performance of PCM. Evola et al. [10] studied the impact of PCM on the thermal perfor-
mance of the lightweight building during summertime for the climate of Chambery, France.
The results showed that the application of the PCM notably improved thermal conditions
inside the building, achieving a peak temperature reduction of up to 0.9 ◦C. Jamil et al. [11]
examined the PCM’s thermal performance applied to a building located in Melbourne,
Australia. The authors conducted both experimental and numerical analyses. The data
obtained showed that the incorporation of the PCM resulted in an inside temperature
decrease of up to 1.1 ◦C. Additionally, based on the results obtained, it was concluded that
the incorporation of natural nighttime ventilation considerably enhanced the performance
of the PCM. Li et al. [12] numerically investigated the impact of a PCM-integrated roof on
a building’s thermal performance located in Northeast China. Based on the data obtained,
the authors revealed that a PCM application to the roof significantly affected the thermal
comfort conditions, shifting the peak temperature by up to 3 h. In the study by Ahangari
and Maerefat [13], about PCM-integrated buildings located in different climates of Iran,
the authors proposed a double-PCM layer system as an innovative solution for improving
both the thermal and energy performances. The results demonstrated that the double-layer
PCM system notably improved the thermal comfort conditions, increasing the duration of
the thermal comfort by up to 20% for the hot climate. Ramakrishnan et al. [14] analyzed
the effectiveness of PCM in reducing the heat stress risk during heatwave periods for
the climate of Melbourne, Australia. The data showed that a combination of PCM and
natural ventilation could reduce the duration of severe discomfort by up to 65% during
summer heatwave periods. In another study, Ramakrishnan et al. [15] evaluated the ef-
fectiveness of PCM-integrated composites in improving the thermal comfort conditions
inside a building located in Melbourne, Australia. The data obtained revealed that the
incorporation of the PCM helped to reduce the indoor peak air temperature by up to
2.8 ◦C. Sage-Lauck and Sailor [16] conducted both experimental and numerical studies to
evaluate the thermal comfort conditions of a PCM-integrated building for the climate of
Oregon, USA. The authors revealed that the application of the PCM helped to reduce the
annual overheated hours from 400 h to 200 h. Figueiredo et al. [17] experimentally and
numerically studied the impact of the PCM on the thermal comfort inside the building
with a geothermal system linked to the air conditioning system for the climate of Aviero,
Portugal. The results showed that the application of the PCM resulted in an overheating
reduction of 7.23%, showing the PCM efficiency of 35.49%. Gao et al. [18] studied the
thermal performance of the PCM-filled hollow concrete bricks for the climate of Qingdao
City, China. The results obtained revealed that the application of the optimum PCM re-
duced the attenuation rate of the inside surface temperature from 13.07% to 0.92–1.93%.
Liu et al. [19] numerically studied the double glazing unit’s thermal performance filled
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with PCM in Northeast China over the winter period. The authors conducted a parametric
study varying the thickness and melting temperature of the PCM. The results showed that
varying the PCM thickness from 4 mm to 50 mm increased the inside surface temperature
by 158.7%. The authors concluded that PCMs with melting temperatures in the range
of 14–16 ◦C and thicknesses of 12–30 mm were optimum for Northeast China’s climate.
Triano-Juarez et al. [20] numerically studied the thermal performance inside a building
with a PCM-integrated roof in a city in Mexico over a typical summer week. The results
showed that, for a grey roof, the incorporation of a 2-cm layer of PCM 35 resulted in a
decrease of the interior surface temperature by 6.4 ◦C, while, for a white roof, it was up
to 15.4 ◦C. Dnyandip et al. [21] numerically investigated the thermal performance of a
residential building roof integrated with inclined-phase change material for the climate
conditions of Chennai, India. The study results showed that a PCM-integrated roof kept
the ceiling temperature in the range from 25.5–27.5 ◦C and notably reduced the peak heat
loads compared to no PCM case. Omari et al. [22] developed a model to study the PCM
composite board’s thermal performance in a building’s walls for different seasons. The au-
thors highlighted the importance of selecting the appropriate PCM melting temperature
and concluded that the PCM composite wall boards demonstrating the best performance
over the summer were the least effective in the winter season. Saffari et al. [23] tried to
determine the optimum PCM melting temperature to decrease the energy demand of
buildings for different climate conditions of the world. For the Af climate zone, the authors
selected three cities: Kuala Lumpur (Malaysia), Singapore, and Puerto Barrios (Guatemala).
The results demonstrated that the integration of PCM reduced the cooling demand of a
building located in the Puerto Barrios (8% reduction); however, it was ineffective in Singa-
pore (0.43%) and Kuala Lumpur (0.36%). Marin et al. [24] evaluated the PCM’s potential to
decrease the cooling and heating loads for a lightweight relocatable building. The analysis
was conducted for all climate zones, including a tropical rainforest climate. Similar to the
study of Saffari et al. [23], the authors found that the utilization of PCM under tropical
climate conditions was limited and required further investigation. Lei et al. [25] investi-
gated the impact of the PCM on the thermal comfort and energy consumption of a building
located in the tropical climate of Singapore. The results showed that the application of
the PCM with a melting temperature of 28 ◦C resulted in the largest energy savings of
up to 32%. According to the authors, in the tropical climate, PCM cannot go through a
full melting–solidification cycle due to the low diurnal temperature fluctuation and high
temperatures during nighttime. However, the tropics’ main advantage for PCM application
over the other climates is the uniform weather conditions throughout the year. Thus, unlike
other climates where the optimum PCM is selected for each season, the uniqueness of the
tropical rainforest climate is the opportunity to select one optimum PCM for the whole year.
The results of the study demonstrated that, by thoroughly selecting simulation parameters,
PCM could significantly improve the energy consumption of the building located in the Af
climate zone.

According to the literature review mentioned above, some research gaps can be no-
ticed. Firstly, there is a lack of studies about the thermal performance of a PCM-integrated
building in the tropical rainforest climate (Af climate zone). Secondly, there is a lack of stud-
ies about the impact of natural and mechanical ventilation on the thermal performance of a
PCM building located in the Af climate zone. Therefore, this study aims to evaluate the ther-
mal performance of buildings integrated with PCM and PCM combined with natural and
mechanical ventilation located in eight cities of Af climate zone: Singapore, Kuala Lumpur,
Malacca (both Malaysia), Padang (Indonesia), Davao (Philippines), Belem (Brazil), Iquitos
(Peru) and Georgetown (Guyana), developing a unique methodology for selecting the PCM
melting temperature based on the thermal comfort limits. The quantitative evaluation of
the thermal performances of the PCM-integrated buildings was accomplished through a
daily peak temperature drop analysis. To assess the overall impact of the PCM and PCM
combined with NV/MV on the thermal performances inside the buildings, a novel indicator
of the Total Temperature Drop (TTD), representing a sum of all decreases in the maximum
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daily operative temperature throughout the year, was introduced. A comparative analysis
of the PCM, PCM+NV and PCM+MV was accomplished.

2. Methodology

In this study the impact of PCM on the thermal performance of two-story residential
buildings was investigated for different cities of Af climate zone. The analysis was accom-
plished using numerical simulations in Design Builder software. Figure 1 represents the
detailed methodology of the study.

Figure 1. Methodology of the study.

2.1. Climate Characteristics

According to the Köppen-Geiger climate classification, Af represents a tropical rain-
forest climate with average precipitation of at least 60 mm in each month [26]. It is
characterized by comparatively uniform outside air temperature throughout the year,
with the average monthly air temperature exceeding 20 ◦C for all months [27].

For the analysis, eight cities in the Af climate zone were selected. These cities were
Singapore, Kuala Lumpur, Malacca, Padang, Davao, Belem, Iquitos and Georgetown.
Figure 2 illustrates the location of the Af climate zone on the world map and the eight cities
selected for analysis.
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Figure 2. The territory of the tropical rainforest climate (Af) on the world map [27].

2.2. Building Description

For analysis, a two-story pitched roof residential building with a total living space area
of 72 m2 was selected. The area of each floor was 36 m2 (9 m × 12 m). The height of each
story was 3 m. The door was placed on the northern side of the building, and windows
with dimensions of 2 m × 1.5 m and 2.5 m × 1.5 m were placed 0.8 m above the floor level.
Figure 3 presents the details of the building envelope, while Tables 1–3 summarize the ma-
terial properties of the wall roof and floor composition. Following the guidelines provided
by Lei et al. [25], it was decided to place the PCM layer closer to the outermost layer.

Figure 3. Schematic illustration of the building envelope.
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Table 1. Thermophysical properties of the wall composition [28,29].

Material Thickness (mm) Thermal Conductivity
(W/mK)

Density
(kg/m3)

Specific Heat
(J/kgK)

Wall

Cement plaster 20 0.8 1600 840
PCM 20 0.2 860 1970

Clay block 190 1.0 1800 920
Cement plaster 20 0.8 1600 840

Table 2. Thermophysical properties of the roof composition.

Material Thickness (mm) Thermal Conductivity
(W/mK)

Density
(kg/m3)

Specific Heat
(J/kgK)

Roof

Ceramic tile 10 1.3 2000 840

Air gap 50
Thermal resistance (m2K/W)

0.21
PCM 20 0.2 860 1970

Roofing felt 5 0.19 960 837

Table 3. Thermophysical properties of the floors.

Material Thickness (mm) Thermal Conductivity
(W/mK)

Density
(kg/m3)

Specific Heat
(J/kgK)

Intermediate floor

Concrete slab 100 1.13 2000 1000

Ground floor

Dense concrete 100 1.42 2400 880
Ceramic floor tile 12 1.2 2500 640

The occupancy schedule was set from 16:00 to 8:00 h, assuming that residents were
going to be at work during the daytime. During the weekends, the building was assumed
to be occupied for the whole day. The infiltration rate was set to 0.5 ACH.

2.3. Thermal Comfort Limits and PCM Selection

Thermal comfort represents the conditions of human’s satisfaction with the thermal
environment. ASHRAE developed formulas to calculate the thermal comfort range inside
a building in accordance with the climate conditions of its location. The adaptive thermal
comfort approach is based on a large number of surveys conducted by the agency and
allows predicting a comfortable temperature range with 80% and 90% acceptance rates [30].
In this study, the formulas of thermal comfort range with an 80% acceptance rate developed
by Auliciems and Szokolay [31] were used:

Tneu = 21.5 + 0.11× Tmean (1)

where Tmean stands for the average temperature for the selected period, and Tneu stands for
the neutral temperature, which is further used to calculate the thermal comfort limits:

Tmax = Tneu + 2 ◦C (2)

Tmin = Tneu − 2 ◦C (3)
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where Tmax stands for the upper-temperature limit of the thermal comfort range, and Tmin
stands for the lower temperature limit of the thermal comfort range. For developing the
thermal comfort range, the monthly temperature data was used.

Both the upper-temperature and lower-temperature limits of the thermal comfort
were determined for the selected cities. However, for a comparative analysis of the cities,
it was necessary to determine a thermal comfort range that would be suitable for all the
cities. In this regard, it was decided to use a simple sorting algorithm to select a single
comfort range for the whole tropical region (Equations (7) and (8)).

First, for each city, for each month, the minimum and maximum temperature limits
were calculated. Then, for each city, one maximum and one minimum temperature limit
was determined. The maximum temperature limit for the city Tcity

max represents the mini-
mum value of the monthly upper-temperature limit values. The minimum temperature
limit for the city Tcity

min represents the maximum value of the monthly lower-temperature

limit values. The maximum temperature limit for all the cities Tglobal
max represents the mini-

mum value of the maximum temperature limits determined for each city. The minimum
temperature limit for all the cities Tglobal

min represents the maximum value of the minimum
temperature limits determined for each city.

Tglobal
max = min



Tcity1
max = min


T January

max
...

TDecember
max

...

...

Tcity8
max = min


T January

max
...

TDecember
max

(4)

Tglobal
min = max



Tcity 1
min = max


T January

min
...

TDecember
min

...

...

Tcity8
min = max


T January

min
...

TDecember
min

(5)

Tcity n
max and Tcity n

min stand for maximum and minimum temperature limits of the thermal

comfort of a particular city (◦C), respectively; Tglobal
max and Tglobal

min stand for the global
maximum and minimum temperature limits of the thermal comfort (◦C), respectively.
The thermal limits of each city and global thermal limits are presented in Figure 4.

As it has already been mentioned, establishing the thermal comfort limits for the
model allows determining the optimum PCM melting temperatures. For the present study,
it was found that the thermal comfort range for all cities was within the 22.68–26.37 ◦C
range. Additionally, in the study of Lei et al. [25], the authors claimed that, for the climate
of Singapore, the utilization of PCM 28 was the best option. Thus, considering the global
thermal limits and the recommendation from reference [25], it was decided to select three
PCMs at a regular interval: PCM 22, PCM 25 and PCM 28.
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Figure 4. Minimum and maximum thermal limits for each city and global thermal comfort limits.

2.4. Characterization of PCM

To investigate the impact of the PCM on the thermal performance of the building,
the HVAC system was switched off. PCM was applied in the form of a layer to the
building envelope using Design Builder software. The selected type of PCM has a thermal
conductivity of 0.2 W/mK, a density of 860 kg/m3, specific heat of 1970 J/kgK and latent
heat of 219 kJ/kg. [32]. For analysis, PCMs with the melting temperature of 22 ◦C, 25 ◦C
and 28 ◦C were used. Each PCM has a phase change temperature range of 4 ◦C, so that,
for PCM 22, the melting temperature ranges from 20 ◦C to 24 ◦C, for PCM 25, it ranges
from 23 ◦C to 27 ◦C and, for PCM 28, it ranges from 26 ◦C to 30 ◦C. Figure 5 shows the
enthalpy–temperature curves for the selected PCMs (PCM 22, PCM 25 and PCM 28).

Figure 5. Enthalpy–temperature curves for PCM 22, PCM 25 and PCM 28.
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2.5. Energy Plus and Design Builder

The numerical analysis was accomplished by means of Design Builder software using
the Energy Plus simulation engine. The Energy Plus software provides a wide range of
simulation options for a building’s energy analysis, such as cooling, heating, lighting and
ventilation load analysis [33]. In order to simulate materials with changing properties
such as the PCM, a one-dimensional conduction finite-difference algorithm, also known
as “CondFD”, was used. The heat transfer equation based on the fully implicit scheme is
as follows:

ρCp∆x
(

Tt+1
i − Tt

i

)
∆t

=

 kt+1
i+1 + kt+1

i
2

×

(
Tt+1

i+1 − Tt+1
i

)
∆x

+

 kt+1
i−1 + kt+1

i
2

×

(
Tt+1

i−1 − Tt+1
i

)
∆x

 (6)

where t stands for time (t+1 is a new iteration time), 1, i stands for a meshed node, (i−1 is
an adjacent exterior node and i+1 is an adjacent interior node), ρ stands for the density of
the selected materials (kg/m3), Cp stands for the specific heat (kJ/kgK), T stands for the
temperature of the node (K), ∆t stands for the time step (s), which is selected to be 2 min,
k stands for the thermal conductivity (kW/mK) and ∆x stands for the nodal step (m).

The nodal step is calculated using the following formula:

∆x =
√

c ·α·∆t (7)

where c stands for the space discretization constant, which is selected to be 3, and α stands
for thermal diffusivity of the materials (mm2/s).

To simulate the phase change process of the material, the CondFD algorithm is used
together with the enthalpy–temperature curve of the PCM provided by the user. The value
of equivalent specific heat for each time step is calculated in accordance with the enthalpy–
temperature curve and is represented by the following formula:

CP =
ht

i − ht−1
i

Tt
i − Tt−1

i

(8)

where h stands for the specific enthalpy (kJ/kg).
For a detailed simulation of the PCM in EnergyPlus, Tabasre-Valesco et al. [34] gave

some recommendations about the simulation parameters. The values of the time step
should be no more than 3 min. Therefore, for this study, a time step of 2 min (∆t = 2 min)
was used. The space discretization constant is recommended to be equal to 3.

2.6. Validation

In order to verify the reliability of Energy Plus in analyzing the PCM implementation,
numerical and analytical solutions to Stephan’s problem described in the study of Tabares-
Velasco et al. [34] were repeated. Figure 6 summarizes the results of both the numerical
and analytical solutions to Stephan’s problem. According to the data presented, it can be
noticed that both solutions are in good agreement. The numerical model could accurately
predict the heat flux with a Root Mean Square Error of 18.1 W/m2.

2.7. Evaluation of the Thermal Performance

Initially, the impact of the PCM on the thermal performance of the building was
studied using the concepts of daily peak temperature drop and Total Temperature Drop
(TTD). Thereafter, the effect of the PCM combined with natural and mechanical ventilation
was investigated using the same thermal performance indicators: daily peak temperature
drop and TTD.
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Figure 6. Analytical vs. numerical solution to Stefan’s problem.

2.7.1. Daily Peak Temperature Drop

The daily peak temperature drop represents the change in the diurnal inside operative
temperature with the integration of PCM. It can be expressed using the following formula:

∆Tdaily max = Tdaily max without PCM − Tdaily max with PCM (9)

where ∆Tdaily max stands for the diurnal peak temperature drop, Tdaily max without PCM
stands for the maximum daily operative temperature with no PCM and Tdaily max with PCM
stands for the maximum daily operative temperature with the integration of PCM. For the
quantitative evaluation of the thermal performance of the building over the studied period,
the daily peak temperature drop values were classified into six groups, as shown below.
It is important to mention that the group of negative values of the peak drop represents the
cases when the application of PCM increased the maximum diurnal operative temperature.

Group 1 : ∆Tdaily max < 0 ◦C

Group 2 : 0 ◦C ≤ ∆Tdaily max < 0.5 ◦C

Group 3 : 0.5 ◦C ≤ ∆Tdaily max < 1 ◦C

Group 4 : 1 ◦C ≤ ∆Tdaily max < 1.5 ◦C

Group 5 : 1.5 ◦C ≤ ∆Tdaily max < 2 ◦C

Group 6 : 2 ◦C ≤ ∆Tdaily max < 2.5 ◦C

2.7.2. Total Temperature Drop

The quantitative analysis of the daily peak temperature drop allows determining the
number of days when the peak temperature drop fell within the specified temperature
range. However, this concept does not allow evaluating the overall annual impact of the
PCM on the thermal performance. Therefore, in order to determine the annual thermal
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performance and select the best PCM melting temperature, a novel indicator of the Total
Temperature Drop (TTD) was introduced. The Total Temperature Drop (Reduction) (TTD)
represents a sum of all the maximum daily operative temperature reductions throughout
the year. The TTD can be expressed by the following formula:

TTD =
1 year

∑
1 day

(Tdaily max without PCM − Tdaily max with PCM ) (10)

This single value indicator shows how much the temperature can be reduced through
the integration of the PCM to the building envelope. The higher TTD value stands for
the better performance of the PCM. There are days when PCM integration has a negative
impact on the thermal conditions inside the modeled building by increasing the indoor
peak operative temperature. The negative values of the temperature change are considered
in the TTD. The TTD is measured in ◦C.

2.8. Ventilation

In Design Builder Software, there are two methods to model natural ventilation:
scheduled and calculated [35]. For the scheduled natural ventilation approach, the airflow
rate, which involves the airflow coming through the outer windows and doors, is set for
each zone, and the natural ventilation is activated only over the specified schedule [35].
This method is useful for the cases when the airflow rate for each zone is known; otherwise,
it is less accurate. For the calculated natural ventilation, the values of the airflow rate
are calculated in accordance with the dimensions of the openings and wind speed [35].
This approach is more realistic in comparison with the scheduled natural ventilation, since
the airflow rate is calculated for each zone of the building based on the dimensions of the
openings and outside climate conditions. Therefore, for this study, the calculated natural
ventilation approach was applied. Since the effectiveness of the calculated natural ventila-
tion method directly depends on the outside weather conditions, it is worth mentioning
that, sometimes, NV may negatively affect the inside thermal conditions. For example,
in the cases when the outside air temperature is hotter than the inside air temperature,
the application of natural ventilation may result in overheating of the room. Therefore,
to avoid the heat flow from the outside environment to the building, natural ventilation
operated only when the outside temperature was 2 ◦C (or more) lower than the inside
temperature (Tin–Tout ≥ 2 ◦C). Natural ventilation was applied over the nighttime from
19:00 to 07:00 h. The opening area was set to 5% of the window area.

Mechanical ventilation is a process of circulating fresh air inside the building using
ducts and fans. In Design Builder software, mechanical ventilation is modeled by setting the
value of the constant airflow rate and operation schedule [36]. For this study, the airflow rate
of 4 ACH was used. The working hours of mechanical ventilation were set in accordance
with the occupancy schedule from 16:00 to 08:00 h to prevent the flow of the hot air from the
outside environment to the building in periods of heatwave events. This option involves
the condition stating that, for initiating the mechanical ventilation process, the indoor air
temperature should be at least 2 ◦C lower than the outside air temperature. In case the
condition was not satisfied, the mechanical ventilation would be switched off. Ventilation
models used for the simulations are presented in the schematic drawing below (Figure 7).
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Figure 7. Schematic representation of ventilation of the modeled building.

3. Results
3.1. Impact of PCM the Thermal Performance

In this section, the results of the evaluation of the impact of the PCM on the daily
peak temperature drop and Total Temperature Drop (TTD) for all eight cities are presented.
Figure 8 summarizes the results of the maximum temperature drop and TTD values for
all the cities. According to the data presented, it is seen that, in all the cities, the PCMs
decreased the peak operative temperature for most of the days. However, in all the cities,
PCM 28 showed a more efficient performance, resulting in a higher number of days when
the maximum temperature was reduced by the value in the range from 1.5 ◦C to 2.5 ◦C.
Additionally, from Figure 8, it is seen that, in all the cities, compared with PCM 22 and
PCM 25, the usage of PCM 28 resulted in a higher TTD value of up to 356 ◦C per year.
The superiority of PCM 28 is related to the region’s hot climate conditions, which are more
suitable for PCM 28 to complete the phase change cycle. Since the temperature reached
high values even at nighttime, the PCM with a higher melting temperature could solidify
more frequently in comparison with PCMs with lower melting temperatures.

The results presented in Figure 8 demonstrate that the utilization of PCM increases
the maximum temperature of the day. According to the data, in the majority of the cities,
a peak temperature rise (∆Tdaily max < 0 ◦C) was observed during less than 5% of the studied
period. However, in Iquitos and Georgetown, the application of the PCM resulted in higher
values of temperature rise (∆Tdaily max < 0 ◦C). For Iquitos, the integration of PCM 28 to the
building envelope increased the daily maximum temperature for 25 days, which is about
7% of the year, and in Georgetown, it was increased for 67 days (18%).
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Figure 8. Impact of PCM 22, PCM 25 and PCM 28 on the maximum daily temperature drop and TTD
values for all the cities.
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To explain this difference in results, two separate days with the positive and negative
impacts of the PCM on the peak temperature were examined. The days with a positive
impact of the PCM were termed as “positive days”, whereas days with a negative impact
of the PCM were termed as “negative days”. The values of outside air temperature and the
hourly inside operative temperature for the cases when the building was without PCM
and when it was with PCM 28 during positive and negative days on the peak operative
temperature for the city of Georgetown are summarized in Figure 9. According to the
results obtained, during the positive day, the inside operative temperature fluctuation was
in the range of 26–28.76 ◦C, while the outside air temperature varied from 23.5 ◦C to 29 ◦C.
On a negative day, the inside operative temperature fluctuation was from 24 ◦C to 25.18 ◦C,
whereas the outside air temperature was from 23.2 ◦C to 26 ◦C. Thus, it was seen that,
during the day, with a positive impact of the PCM, the outside temperature conditions and,
as a result, indoor thermal conditions were favorable for PCM 28 to complete its melting–
solidification cycle. In contrast, during a negative day, the outside temperature and inside
temperature were not favorable for the PCM 28 to completely go through the melting–
solidification cycle. Therefore, most of the time, PCM 28 was in a solid state, serving as an
additional thermal mass applied to the building envelope. The additional thermal mass
resulted in the heating of the building during the daytime and the inability to release the
heat over the nighttime. The above statement explains the occasional negative effect of
PCM on the daily maximum temperature. The fact that the cities of Iquitos and Georgetown
had the highest percentages of negative days in comparison with the other cities is related
to the climate conditions of these two cities. According to the weather data, these two cities
are characterized by comparatively lower average outside temperatures in comparison
with the other cities. For Iquitos and Georgetown, the average outside temperatures for the
whole year were 25.68 ◦C and 26.08 ◦C, respectively, whereas the average temperatures for
the rest of the cities were in the range of 26.7–27.8 ◦C. This means that, in general, in these
cities (Iquitos and Georgetown), the ambient temperatures throughout the day were low.
Consequently, the number of days when PCM could go through the melting–solidification
cycle was less in comparison with the other cities. This statement explains why these cities
were characterized by the highest number of days with a negative performance of PCM 28.

Figure 9. Inside operative temperature and outside temperature for positive and negative days for
the city of Georgetown.
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3.2. Impact of PCM Combined with Ventilation Techniques on the Thermal Performance

Several studies [8–11,14,37–39] have shown that the application of ventilation over the
nighttime could significantly enhance the performance of the PCM in terms of improving
the thermal comfort inside the building. Since, in the previous sections, PCM 28 showed the
most efficient performance, it was selected for investigation of the combined effect of the
PCM and night ventilation. In this section, both natural ventilation (NV) and mechanical
ventilation (MV) were considered. The results of the “PCM 28” case were compared against
the “PCM 28 + NV/MV” cases.

3.2.1. Natural Ventilation

Figure 10 and Table 4 summarize the maximum daily temperature drop and TTD
values for all the cities for PCM 28 and PCM 28 + NV cases. According to the data presented,
it can be observed that applying natural ventilation at night had a positive effect on the
values of peak temperature drop and, consequently, on the values of TTD of all eight
cities. The incorporation of ventilation for the night period lowered the inside heat, which
consequently facilitated the solidification of the PCM layer. In all the cases, the application
of natural ventilation during the nighttime increased the TTD values by up to 15% in
comparison with the no ventilation case. In Padang and Iquitos, the TTD values were
7.18% and 8.85%, respectively, which were relatively lower when compared with the other
cities. The lower values of the rise in TTD for these two cities can be explained by the
climate conditions of the cities. It is worth mentioning that natural ventilation heavily
depends on wind speed, which itself depends on local climate conditions [9]. To support
the results, the monthly average wind speed data for all the cities was considered (Table 5).
Comparing the effectiveness of natural ventilation with the local wind speed, the direct
relationship between these two can be noticed. The lowest average wind speed values
belong to Padang and Iquitos, where the lowest increase in the TTD values were obtained.

Table 4. TTD values for all the cities for the PCM 28 and PCM 28 + NV cases.

City PCM 28
(◦C per Year)

PCM 28 + NV
(◦C per Year) Increase (%)

Singapore 288.43 326.96 13.36
Kuala Lumpur 339.90 383.44 12.81

Malacca 355.82 401.87 12.94
Padang 355.52 381.04 7.18
Belem 315.06 361.12 14.62
Davao 340.58 385.93 13.32

Georgetown 279.86 323.88 15.73
Iquitos 354.41 385.76 8.85

Several studies investigated the effect of natural ventilation on the performance of the
PCM. For example, Jamil et al. [11] integrated nighttime ventilation along with PCM for
the climate of Melbourne. The natural ventilation scheduled from 19:00 to 7:00 h consid-
erably reduced the inside air temperature, including the diurnal maximum temperature.
The authors reported 1.5–2 ◦C, 1–1.5 ◦C, 0.5–1 ◦C and 0.5–0 ◦C peak temperature reductions
for 16%, 19%, 16% and 45% of the days, respectively. Liu et al. [39] compared different
strategies of introducing PCM and NV to a building to decrease the thermal discomfort
inside the buildings located in 10 cities of Western China over the hot season. Comparing
the cases of “without PCM and NV”, “with PCM”, “with NV” and “with PCM and NV”,
they concluded that coupling PCM with NV was the best strategy for the hot climate.
The usage of PCM + NV significantly reduced the intensity of the thermal discomfort and
the number of discomfort hours for all the cities. The results showed that the combination
of PCM and natural ventilation reduced the inside temperature by up to 2 ◦C. Thus, based
on the studies about the combined application of PCM and natural ventilation mentioned



Energies 2021, 14, 2699 16 of 22

above, it can be concluded that the effectiveness of natural ventilation directly depends on
the local weather conditions.

Figure 10. Impact of PCM 28 and PCM 28 + NV on the maximum daily temperature drop and TTD
values for all the cities.
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Table 5. Average monthly wind speed data and TTD increase values for all the cities.

City Padang Iquitos Kuala L Malacca Davao Belem Singapore Georgetown

Average Monthly Wind Speed (m/s)
January 0.93 1.54 1.30 2.28 2.75 1.57 2.40 2.49

W
in

d
sp

ee
d,

m
/s

February 1.34 1.45 1.72 2.57 2.99 2.45 3.78 2.72
March 0.88 2.86 1.65 2.45 2.58 2.41 1.76 3.37
April 1.24 0.66 1.41 1.00 2.05 2.32 1.36 2.63
May 0.79 0.37 1.79 1.30 1.65 2.39 1.64 2.73
June 1.06 0.70 1.50 1.34 1.77 2.51 1.71 2.21
July 1.30 0.84 1.98 1.08 1.02 1.50 2.65 1.55

August 1.15 0.75 1.68 1.21 1.76 1.92 2.91 1.58
September 0.98 0.85 1.83 1.27 1.33 1.73 1.71 1.98

October 0.81 1.12 1.69 1.80 1.31 3.30 1.59 2.34
November 0.71 0.48 1.30 2.17 1.08 2.01 1.92 2.34
December 0.72 1.35 1.47 1.49 1.97 1.52 3.74 1.95

Annual
Average 0.99 1.08 1.61 1.66 1.86 2.14 2.26 2.32

TTD
increase (%) 7.18 8.85 12.81 12.94 13.32 14.62 13.36 15.73
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Based on the results presented in this section, it can be concluded that the incorporation
of nighttime NV can have a positive effect on the PCM performance. The addition of airflow
was able to reduce the inside heat and the maximum daily temperature. Moreover, it was
found that the effectiveness of NV is directly related to the weather conditions at which
the model is simulated. Finally, Table 3 shows that, in all the cities, most of the time,
the wind speed was lower than 3 m/s, which might consequently result in a low airflow
rate. Therefore, the application of mechanical ventilation characterized by a controlled
airflow rate was considered in the following section.

3.2.2. Mechanical Ventilation

Figure 11 and Table 6 demonstrate the results of the impact of PCM combined with
mechanical ventilation on the peak temperature drop and TTD value. Similar to natural
ventilation, the application of mechanical ventilation resulted in increased peak tempera-
ture drop values in all the cities. For most cities, the TTD values were around 400–500 ◦C
per year, with slightly higher results in Iquitos (513.62 ◦C per year) and Padang (511.27 ◦C
per year) and comparatively lower results in Georgetown (381.68 ◦C per year). The im-
provement of the TTD values due to the controlled airflow rate was in the range of 26–45%
in comparison with the PCM-only case. Compared with PCM + NV, the application of PCM
together with MV increased the TTD values in the range of 16–37%. Thus, the application of
forced ventilation can noticeably decrease the maximum temperature inside the building.

Table 6. TTD values for all the cities for the PCM 28 and PCM 28 + MV cases, and the difference in
the TTD increase between PCM 28 + NV and PCM 28 + MV.

City PCM 28 (◦C
per Year)

PCM 28+MV
(◦C per Year) Increase (%) Difference between

NV and MV (%)

Singapore 288.43 413.98 43.53 30.17
Kuala Lumpur 339.90 434.75 27.90 15.09

Malacca 355.82 449.03 26.20 13.26
Padang 355.52 511.27 43.81 36.63
Belem 315.06 431.09 36.83 22.21
Davao 340.58 484.39 42.23 28.91

Georgetown 279.86 381.68 36.38 20.65
Iquitos 354.41 513.62 44.92 36.07
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Figure 11. Maximum daily temperature drop and TTD values for all the cities integrating PCM 28
and PCM 28 + MV.
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Additionally, MV significantly reduced the number of “negative days” in comparison
with NV. Table 7 demonstrates the number of “negative days” for the PCM 28, PCM 28
+ NV and PCM 28 + MV cases. Based on the results obtained, the following conclusions
can be drawn. Firstly, the integration of NV helped to decrease the number of “negative
days” only in a few cases. Secondly, the integration of MV had a substantial impact on the
number of “negative days”. The application of MV considerably reduced the number of
negative days for all the cities except for Kuala Lumpur.

Table 7. The number of “negative days”.

City PCM
28

PCM 28 +
NV

Reduction
(%)

PCM 28 +
MV

Reduction
(%)

Difference between
NV and MV (%)

Singapore 17 16 5.88 6 64.71 58.82
Kuala

Lumpur 18 15 16.67 14 22.22 5.56

Malacca 7 5 28.57 1 85.71 57.14
Padang 13 13 0.00 1 92.31 92.31
Belem 17 15 11.76 11 35.29 23.53
Davao 7 4 42.86 1 85.71 42.86

Georgetown 67 62 7.46 46 31.34 23.88
Iquitos 25 23 8.00 4 84.00 76.00

For a more detailed analysis of the effect of MV on the thermal conditions inside the
building, it was decided to conduct a one-day analysis on an hourly basis. Moreover, to ex-
amine the difference between MV and NV, the case of PCM + NV was added to the graph.
As an example, the city of Georgetown was selected for analysis. Figure 12 summarizes the
results of the outside dry bulb temperature (ODBT) and inside temperature of the building
for no the PCM, PCM 28, PCM 28 + NV and PCM 28 + MV cases. According to the data,
the integration of PCM 28 negatively affected the inside thermal conditions, as its incorpo-
ration increased the inside temperature for the whole day. In this regard, the selected day
can be considered as the “negative day”. Additionally, the graph demonstrates hours when
ventilation was activated. Although the schedules of MV and NV were from 16:00 to 8:00 h
and from 19:00 to 7:00 h, respectively, the activation time of both ventilations on this day
was from 1:00 to 7:00 h and from 21:00 to 24:00 h. This was due to the operational limits of
both ventilations, which prevent overheating of the room by maintaining the condition of
Tin—Tout ≥ 2 ◦C. In Figure 12, the working hours of the ventilations are colored in green.
It is seen that, in comparison with the PCM 28 case, the usage of ventilation together with
PCM 28 was more efficient in reducing the heat inside the building. During the nighttime
period, from 01:00 to 7:00 h, both natural and mechanical ventilation actively decreased the
inside temperature. However, since the airflow rate of NV was limited, its effectiveness
was significantly lower in comparison with MV. During the daytime, both ventilations
were switched off. Nevertheless, since the building was cooled during the night, the inside
temperature for these cases was lower in comparison with the PCM 28 case. The ventila-
tion after 21:00 h significantly reduced the inside temperature of the building during the
nighttime period. The example showed the effectiveness of ventilation in decreasing the
inside temperature of the building. Despite that both natural and mechanical ventilation
reduced the inside temperature, MV demonstrated its superiority over NV, as it used a
controlled airflow rate. It is important to note that, for PCM 28, the peak daily temperature
was 26.18 ◦C, which is 0.33 ◦C higher than for the no PCM (25.85 ◦C) case. The integration
of NV helped result in the maximum temperature of 26.05 ◦C, but it was still higher than
for the no PCM (25.85 ◦C) case, and the day was still considered as the “negative day”.
However, the application of MV reduced the daily peak temperature to 25.73 ◦C, which
was slightly lower than for the no PCM (25.85 ◦C) case. In this regard, PCM 28 + MV could
change this particular “negative day” to a positive one. Although the integration of NV
improved the thermal performance in terms of the maximum daily temperature, mostly,
it was not enough to change “negative days” into positive ones.
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Figure 12. One-day analysis of the inside operative temperature of the building for the no PCM,
PCM 28, PCM 28 + NV and PCM 28 + MV cases for the city of Georgetown.

4. Conclusions and Recommendations

This study investigated the impact of the PCM on the thermal performance of a
building located in eight cities of the Af climate zone: Singapore, Kuala Lumpur, Malacca
(both Malaysia), Padang (Indonesia), Davao (Philippines), Belem (Brazil), Iquitos (Peru)
and Georgetown (Guyana). The thermal performance of the building integrated with
PCM was investigated through the daily peak temperature drop and novel indicator of
the Total Temperature Drop (TTD). The thermal comfort limits were set for the whole
climate zone using a simplified sorting algorithm. Additionally, the potential of nighttime
natural and mechanical ventilation to enhance the performance of the PCM in improving
the thermal conditions inside the building was analyzed. The main findings of the study
are summarized below.

• In all cities, compared to PCM 22 and PCM 25, PCM 28 showed the most efficient
performance in terms of the daily peak temperature drop and Total Temperature Drop.
Thus, it can be considered as optimum for the whole Af climate zone. The usage of
PCM 28 resulted in the TTD values of all the cities ranging from 279 ◦C per year to
356 ◦C per year.

• Introducing natural ventilation for the nighttime period helped to increase the TTD
values by up to 15%. In Padang and Iquitos, the integration of NV resulted in TTD
values of 8.85% and 7.18%, respectively. The less effective performance of NV in these
two cities was related to the lower wind speed values. The results suggested that the
effectiveness of NV is directly dependent on the wind speed.

• Introducing mechanical ventilation helped to increase the TTD values for all the cities
by 16–45%. It demonstrated that the forced airflow rate could be beneficial for the
tropical climate. A comparison between the two ventilation types demonstrated
the superiority of MV over NV, as the second one heavily depends on the weather
conditions of the location.
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• Overall, PCM 28 combined with MV can be successfully used to improve the thermal
performance of a building located in the Af climate zone.

• For future studies, it is recommended to investigate the impact of the outside relative
humidity on the thermal comfort conditions inside a PCM-integrated building located
in the Af climate zone. Additionally, the impact of the window opening area on the
thermal performance of a building in the Af climate zone should be evaluated.
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