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Abstract: To meet the 2050 EU decarbonization goals, there is a need for new and innovative ideas
to increase energy efficiency, which includes reducing the energy consumption of buildings and
increasing the use of on-site renewable energy sources. One possible solution for achieving efficient
thermal energy transition in the building sector is to assign new functionalities to the building
envelope. The building envelope can function as a thermal energy storage system, which can help
compensate for irregularities in solar energy availability. This can be accomplished by utilizing phase
change materials as the energy storage medium in the building envelope. In this paper, two phase
change materials with different melting temperatures of 21 ◦C and 28 ◦C are compared for their
application in a dynamic solar building envelope. Both experimental and numerical studies were
conducted within the scope of this study. The laboratory testing involved simulating the conditions
of the four seasons through steady-state and dynamic experiments. The performance of the phase
change materials was evaluated using a small-scale PASLINK test stand that imitates indoor and
outdoor conditions. A numerical model of a small-scale building envelope was created using data
from laboratory tests. The purpose of this model was to investigate how the tested phase change
materials perform under different climate conditions. The experimental findings show that RT21HC
is better at storing thermal energy in the PCM and releasing it into the indoor area than RT28HC.
On the other hand, the numerical simulation results demonstrate that RT28HC has an advantage in
terms of thermal storage capacity in climates found in Southern Europe, as it prevents overheating of
the room.

Keywords: building envelope; solar thermal energy storage; melting temperature; latent heat;
small-scale PASLINK test; ANSYS Fluent

1. Introduction

The EU Green Deal aims to achieve a decarbonized building stock by 2050 and advo-
cates for the utilization of renewable energy sources (RES) and intelligent technologies in
buildings to attain this goal [1–3]. The definition of nearly zero-energy buildings is pro-
posed as one of the approaches towards decarbonizing building stock, which recommends
the usage of on-site available renewable energy sources to meet the energy requirements.
However, there are inconsistencies between the availability of renewable technologies
and the energy demand, unlike the case of conventional fossil energy. Renewable energy
technologies may exceed the demand during peak periods or may not be sufficient to meet
the energy needs during low periods, and they exhibit diurnal and seasonal fluctuations
depending on the type of renewable energy technology employed. Each member state in
the EU defines the benchmark for cost-effective nearly zero-energy buildings. Lowering
the benchmark for heating energy demand in the northern climate is more challenging.
Innovative concepts for building thermal envelopes might provide a breakthrough in the
energy transition. Converting the thermal envelope of a building into a solar thermal en-
ergy storage unit is one promising path that would increase the share of on-site renewables
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in covering the heating and cooling energy demand. In recent years, the acceptance of
phase change materials (PCM) in building envelopes has increased due to their thermal
energy transition characteristics. Ahangari and Maerefat performed a numerical study
comparing the performance of a facade system consisting of concrete, insulation, and
soil/plaster layers with the same façade system enhanced by two layers of PCM with
different melting temperatures. The simulation results indicated that applying a double
PCM layer reduced energy consumption for heating in dry and semi-arid climates in the
amounts of 17.5% and 10.4%, respectively [4]. In another study, Saffari researched the
improvement of energy flexibility in buildings by using PCM-enhanced envelopes. The
results show that the maximum energy flexibility efficiencies range from 250% for the LW
Gypsum Board envelope to 356% for the LW PCM-2 envelope [5]. PCM building envelopes
can also be used to reduce the load from cooling systems in hot environmental conditions.
Referring to Alshuraiaan, the thermal energy flow to indoor space can be reduced by 50% by
using a PCM with a suitable melting temperature in the building envelope [6]. A detailed
literature review of PCM building envelopes used in various climates has been conducted
by Arumugam [7], with the conclusion that buildings with integrated PCM elements have
significantly reduced energy demands. Moreover, it is stated that to improve building
energy performance in warmer climate zones, PCM elements should be integrated into the
outer surface of the wall, while, on the contrary, for colder climate zones they should be
built into the innermost layer of the building envelope. Most of the techniques where PCM
elements are used in building envelopes are passive and they perform most successfully
only in steady climate zones where temperature changes are gradual. To achieve better
energy performance and improve the energy efficiency of the whole building throughout
the whole year in climate zones with different seasons and constantly changing weather,
it is necessary to equip homes with building envelopes that can interact with irregular
ambient environment changes and available on-site renewable energy sources, such as
solar power.

1.1. Goal and Scope of the Study

The authors of this study are working on developing an innovative and adaptive
dynamic solar building envelope that can be utilized in various locations worldwide,
regardless of the climate zone. In this paper, comparative research is performed with PCMs
that have two different melting point temperatures. The aim of this study was to identify the
most appropriate PCM melting temperature for use in a dynamic solar facade module with
thermal energy storage, which will be integrated into a large-scale adaptive dynamic solar
facade system. The selected PCM should be suitable for application in various climate zones.
Choosing the most appropriate PCM, and knowledge of the PCM behavior under different
climatic loads is vital in the scope of this study as well as for other scientific or industrial
research projects using PCM-enhanced building envelopes. Laboratory experiments were
conducted under controlled temperature and solar radiation conditions to determine the
PCM that is most appropriate for a specific application. Additionally, a numerical model
was created to investigate the viability of this technology in varying climate zones. The
main indicator is the exhibition of latent heat energy storage and its impact on indoor
temperature dynamics. A testing setup to compare the thermodynamic processes in the
selected PCMs was created in the laboratory at Riga Technical University Institute of Energy
Systems and Environment.

1.2. Literature Review of PCM Numerical Modeling

The primary objective of numerical modeling is to replicate laboratory conditions that
mimic real-life scenarios in various climate zones, where there are changes in temperature
and solar irradiation. This can aid in assessing the performance of a PCM under different
environmental conditions. ANSYS Fluent is among the most used software to model
PCM-enhanced building envelopes [8]. A more in-depth investigation of ANSYS-based
modeling of PCM-enhanced building envelopes was conducted. To perform a bibliometric
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analysis, the researchers utilized the Web of Science (WOS) online database and selected
publications based on keywords such as “building”, “PCM”, “phase change material”,
“paraffin”, “simulation”, “numerical analysis”, “model”, “software”, and “ANSYS”. To
refine the scope of the search, the publications were filtered based on their document types,
which included articles, early access, and review articles. The search was limited to the
years 2019–2023. The analysis yielded 42 publications, of which seven were irrelevant to
the search scope and thus excluded from further examination. Out of all the studies chosen,
only nine met the two main requirements: utilizing ANSYS Fluent simulation software
and focusing on walls as the object of research. The publications meeting these criteria are
detailed in Table 1.

Table 1. WOS selection of publications on ANSYS modeling of PCM-enhanced building components.

Publication Time Scale Scale (Element, Room, or
Building)

Building
Envelope

Performance Evaluation of an Active PCM Thermal
Energy Storage System for Space Cooling in

Residential Buildings [9]
Month Room Wall

Comparative Study of Two Materials Combining a
Standard Building Material with a PCM [10] Hour Element Wall

Numerical Simulation of a Novel Dual Layered Phase
Change Material Brick Wall for Human Comfort in Hot

and Cold Climatic Conditions [11]
Month Element Wall

Parametric analysis and design optimisation of PCM
thermal energy storage system for space cooling

of buildings [12]
Day Room Wall

Thermal management analysis of PCM integration in
building using a novel performance parameter—PCM

effectiveness index [13]
Year Room Wall, roof

Numerical analysis of nanomaterial-based sustainable
latent heat thermal energy storage system by improving

thermal characteristics of phase change material [14]
Seconds Element Wall, floor

Simulation of a Trombe wall with a number of
semicircular fins placed on the absorber plate for
heating a room in the presence of nano-PCM [15]

Hour Room Wall

Numerical thermal evaluation of laminated binary
microencapsulated phase change material

drywall systems [16]
Month Room Wall

Potential of integrating PCMs in residential building
envelope to reduce cooling energy consumption [17] Hour Room Wall

1.3. Thermal Energy Storage

The ability to store thermal energy is crucial in renewable energy systems as it allows
for better management of energy demand and increases flexibility. Thermal energy storage
can be divided into two main categories: thermal storage (which includes sensible and
latent storage) and thermochemical energy storage (as shown in Figure 1). Currently,
sensible heat storage is widely available commercially (accumulation tanks in heating
systems), while others are still under development [18,19]. Sensible heat storage depends
on the mass and heat capacity of the material, while latent energy storage is calculated in
two states, before phase change and after the phase change (as a sensible heat), and, in
addition, the enthalpy of fusion (J/g) is taken into account. There are three types of thermal
energy storage systems, based on sensible, latent, and thermochemical heat storage, but
the first two are more applicable in buildings. Sensible heat storage systems are simpler
and already available on the market, whereas latent heat thermal energy storage systems
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(LHTES) have a higher storage capacity per unit volume [20]. Such systems are applicable
and convenient for passive and net-zero energy buildings as they can be directly implanted
into building envelopes that use on-site renewable energy sources, namely solar thermal
energy. The most important advantage of the application of correspondent technology is
the reduction in heating season duration, especially in climate zones where the autumn
and spring seasons are long.
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Figure 1. Classification of thermal energy storage methods.

Thermal energy storage techniques vary in terms of their operating temperature range,
storage capacity, and duration of storage, which can range from hours to months for
seasonal storage. These methods are used to balance energy demand between day and
night, store summer heat for winter heating, and store winter cold air for summer air
conditioning. Among the thermal energy storage methods, sensible heat storage is the most
versatile, covering the widest range of operating temperatures (sub-zero to 500 ◦C) and
can be utilized on both an hourly and seasonal scale [21]. Yet for application in building
thermal envelopes the most suitable temperature range is 18–50 ◦C (given for different
types of paraffin wax) [22]. Storing thermal energy for later use through heating or cooling
an energy storage medium is known as thermal energy storage (TES). These systems can
help balance the fluctuations in the availability of renewable energy sources (RES) on a
daily or seasonal basis. In PCMs, energy can be stored as either sensible or latent heat [23].
Sensible heat is the measure of energy necessary to change a body’s temperature, whereas
latent heat occurs at a nearly linear temperature while changing the phase of the substance
(solid to liquid, liquid to gaseous, solid to solid) [24] (see Figure 2).
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In the charging phase, the heat is applied to the PCM and the energy is stored, while in
the discharging phase, the stored heat is released. Incorporating TES into an energy system
provides several benefits, such as improved performance and reliability, better economics,
reduced maintenance and operating costs, and decreased environmental pollution. This
includes lower carbon dioxide emissions as the energy demand for heating decreases [18].
Both passive and active techniques are utilized for TES in a range of settings, including
HVAC systems, building structures, and systems located near buildings [25].

1.4. Phase Change Materials

PCM is utilized as the energy storage medium in LHTES systems (see Figure 3).
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In building applications, solid–liquid PCMs are commonly used and are classified into
three main categories: organic, inorganic, and eutectics [26]. Paraffin, fatty acid, and sugar
alcohols are the most commonly used organic PCMs, with paraffin having the advantage
of a phase change temperature range from 10 ◦C to 100 ◦C [27]. Various studies have
been conducted on incorporating phase change materials into building components such
as boards, bricks, and shading devices [28–30]. Despite this, PCM-enhanced building
components have not yet reached the mass production level, leaving room for potential
optimization and innovation. Scientific understanding of PCM behavior and characteristics
can pave the way for technological advancements. The melting temperature of a PCM
is one of the parameters that determine its suitability for specific building applications
with defined performance objectives, such as reducing heating or cooling loads, and the
environment in which the PCM-enhanced building component is placed, including daily
and seasonal temperature ranges.

2. Materials and Methods
2.1. Materials

The design of the test stands incorporates various materials, including extruded
polystyrene (XPS) from Finfoam (Salo, Finland) for insulation, plywood from Ergos (Riga,
Latvia) for external construction, glass from Glass (Riga, Latvia) for containers, polyethylene
terephthalate glycol (PETG) from Prusa Research (Prague, Czech Republic) for container
covers, and PCMs from Rubitherm Technologies GmbH (Berlin, Germany) for experimental
study. These RTHC PCMs are composed of organic materials, such as paraffin wax, which
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undergo a solid-to-liquid (and vice versa) melting process to efficiently store and release
substantial amounts of heat within a relatively constant temperature range [31]. These
versatile PCMs can be used in a wide range of applications at various temperatures, de-
pending on their melting point. One notable advantage of RTHC PCMs is their significantly
higher latent heat capacity of 25–30% compared to traditional PCMs, and they melt within
a narrower temperature range. This makes them well-suited for situations where space
is limited, as they are ideal for efficient thermal energy storage in confined spaces. The
properties and characteristics of the materials used in the design of the test stands are
summarized in Table 2.

Table 2. Material properties and characteristics.

Material Properties Characteristics

RUBITHERM RT21HC Dimensions: 127 × 127
× 60 mm3

Melting area: 20–23 ◦C
Congealing area: 21–19 ◦C
Density at 15 ◦C: 0.88 kg/L
Density at 40 ◦C: 0.77 kg/L

Heat storage capacity
±7.5% 190 kJ/kg

RUBITHERM RT28HC Dimensions: 127 × 127
× 60 mm3

Melting area: 27–29 ◦C
Congealing area: 29–27 ◦C
Density at 15 ◦C: 0.88 kg/L
Density at 40 ◦C: 0.77 kg/L

Heat storage capacity
±7.5% 250 kJ/kg

Plywood Thickness: 15 mm λ = 0.13 W/mK
SHGC = 0.28

XPS Thickness: 50 mm λ = 0.037 W/mK

Glass Thickness: 4 mm λ = 1.2 W/mK
SHGC = 0.8

PETG Thickness: 2 mm λ = 0.2 W/mK

2.2. PASLINK-Type Testing

To evaluate the performance of each of the PCMs, comparative testing was performed
based on the PASLINK testing method. This method is one of the most commonly used
methods for testing passive solar-thermal-energy-based building components and en-
velopes. PASLINK evolved from the European project PASSYS (Testing Passive Solar
Energy Components and Systems), which began in 1985 with the aim of increasing confi-
dence in both the use of energy-efficient and passive solar buildings and their assessment
methods [32]. The PASSYS project focused on a test cell bench as a means of determining
the energy performance of passive solar building components and providing more infor-
mation on building design and simulation tools [33]. The advantage of test cells is that they
provide a well-controlled environment [34].

2.3. Experimental Setup

The thermal energy transmission rate of the dynamic solar building envelope is largely
influenced by the various components that make up its overall design. Figure 4 shows
an innovative design of a building envelope developed by the research team. The design
incorporates a PCM container, an aerogel layer to minimize heat loss, and a heat transfer
enhancer (Fresnel lens), which concentrates solar energy onto the surface of the PCM
container. This study focuses on the use of latent heat thermal energy storage, where a
PCM is the main component responsible for thermal energy transfer through the building
envelope. Choosing the optimal PCM can significantly reduce heating and cooling loads,
particularly during periods when solar radiation is available. Various factors must be
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considered when selecting the PCM for specific applications, including the optimal volume,
layer thickness, and melting temperature range, as outlined by Guo and Zhang [35].
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Figure 4. The design of a solar building envelope module.

The optimal PCM volume and layer thickness must be selected to ensure geometric
compatibility with other components of the system, including the Fresnel lens focal length
and point location, aerogel insulation layer, and dimensions of the large-scale system (an
upscaled version of the small-scale module). The system aims to provide an efficient energy
balance for the entire building while maintaining a comfortable indoor environment for
occupants, with room temperatures ranging from 18 ◦C to 27 ◦C throughout all seasons.

To compare the thermal behavior of two different PCMs under different climatic
conditions simulating different seasons of the year, two comparative experiments—steady-
state and dynamic—were conducted in laboratory testing. While Rubitherm RT21HC has a
lower melting temperature closer to the average indoor temperature, Rubitherm RT28HC
has a higher latent heat storage capacity. The experimental setup was designed to replicate
a small-scale PASLINK-type test cell, with two test stands prepared for the comparative
study—one for RT21HC and the other for RT28HC. The plywood box was lined with 50 mm
insulation (XPS) to simulate the “indoor” space, and the PCM container was built into one
of the walls of each test box (see Figure 5).

Energies 2023, 16, x FOR PEER REVIEW 8 of 21 
 

 

 
Figure 5. Test box. Small-scale PASSLINK-type test cell. 

To monitor the experimental setup, a set of thermocouples was placed as shown in 
Figure 6. A total of eleven thermocouples were installed for each test box—six placed in 
the PCM container at different heights to observe temperature changes in different layers 
of the phase change materials and five thermocouples located in the indoor space of the 
test box at different heights. The thermocouples are labeled based on their location inside 
the PCM container, with letters L, M, and R indicating their location on the x-axis (L—left, 
M—middle, and R—right), and numbers indicating their location on the y-axis (1—lower 
and 2—upper). This set of thermocouples allows for a comparison of changes in PCM 
temperature and indoor space temperature between the two setups under defined condi-
tions. The test stands were positioned adjacent to each other inside the climatic test cham-
ber Tera Science TEMI 2500 (Changwon, Republic of Korea), as illustrated in Figure 7. 

 
Figure 6. Thermocouples in small-scale PASLINK-type testing boxes (left) and PCM container 
(right). 

Solar energy consists of radiant light and heat from the Sun [36]. To simulate solar 
radiation for the test setups, halogen lamps were used since they emit both heat and light 
with color characteristics similar to that of the Sun [37]. Specifically, two halogen lamps 
(GE SUPER CP60 EXC VNS 230V|1000W G16d 3200K|General Electric (Schenectady, NY, 
USA) combined with dimmer UNI BAR Elation professional) were positioned along the 
longitudinal axes of each test box. A heating/cooling unit was utilized to maintain the 
desired temperature within the climatic chamber. The experimental setup is designed as 
a miniature version of a “structure”, comprising a test box with a thermal enclosure and 
indoor area. This setup is exposed to climate-induced stresses such as heating and cooling, 
which are created by the predetermined conditions in the climate chamber. Temperature 
changes in both the indoor space and the phase change material of the thermal enclosure 
are recorded using measuring equipment. 

Figure 5. Test box. Small-scale PASSLINK-type test cell.



Energies 2023, 16, 5236 8 of 20

To monitor the experimental setup, a set of thermocouples was placed as shown in
Figure 6. A total of eleven thermocouples were installed for each test box—six placed
in the PCM container at different heights to observe temperature changes in different
layers of the phase change materials and five thermocouples located in the indoor space
of the test box at different heights. The thermocouples are labeled based on their location
inside the PCM container, with letters L, M, and R indicating their location on the x-axis
(L—left, M—middle, and R—right), and numbers indicating their location on the y-axis
(1—lower and 2—upper). This set of thermocouples allows for a comparison of changes in
PCM temperature and indoor space temperature between the two setups under defined
conditions. The test stands were positioned adjacent to each other inside the climatic test
chamber Tera Science TEMI 2500 (Changwon, Republic of Korea), as illustrated in Figure 7.
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Figure 7. Experimental setup in the climate chamber.

Solar energy consists of radiant light and heat from the Sun [36]. To simulate solar
radiation for the test setups, halogen lamps were used since they emit both heat and light
with color characteristics similar to that of the Sun [37]. Specifically, two halogen lamps
(GE SUPER CP60 EXC VNS 230V|1000W G16d 3200K|General Electric (Schenectady, NY,
USA) combined with dimmer UNI BAR Elation professional) were positioned along the
longitudinal axes of each test box. A heating/cooling unit was utilized to maintain the
desired temperature within the climatic chamber. The experimental setup is designed as
a miniature version of a “structure”, comprising a test box with a thermal enclosure and
indoor area. This setup is exposed to climate-induced stresses such as heating and cooling,
which are created by the predetermined conditions in the climate chamber. Temperature
changes in both the indoor space and the phase change material of the thermal enclosure
are recorded using measuring equipment.
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2.4. Planning of the Experiment

The test conditions were designed to simulate the four seasons: spring, summer, au-
tumn, and winter. For the steady-state experiment, three identical 24 h cycles were repeated
for each season. The conditions for each season are determined by the following factors:

- The experiment begins with the outdoor temperature as the initial state. Both the solar
wall module setups and the climate chamber are cooled to the same initial state before
the start of the experiment.

- During both the heating and cooling phases, the outdoor temperature is kept constant,
set to the average temperature of a typical day in that season.

- The duration of daylight and the intensity of solar radiation are also taken into
consideration.

To obtain the average values of parameters such as daylight duration, solar irradiance,
and outdoor temperature for a typical day in each season, data from the local meteorological
station were analyzed.

The complete testing cycle lasts for 72 h, and all the experimental conditions are
summarized in Table 3.

Table 3. Conditions for the steady-state experiment.

Season Condition Value

Spring
Daylight (solar simulation) duration

Irradiance intensity
Outdoor temperature

12 h
690 W/m2

7 ◦C

Summer
Daylight (solar simulation) duration

Irradiance intensity
Outdoor temperature

12 h
750 W/m2

19 ◦C

Autumn
Daylight (solar simulation) duration

Irradiance intensity
Outdoor temperature

10 h
440 W/m2

10 ◦C

Winter
Daylight (solar simulation) duration

Irradiance intensity
Outdoor temperature

9 h
230 W/m2

0 ◦C

In the second experiment, all test conditions were kept the same as in the first ex-
periment, except for the solar irradiance intensity. To simulate dynamic environmental
conditions, the solar simulator was turned on and off every 30 min during all the season
test rounds that occurred during daylight hours.

Throughout the test, measurements were recorded every minute using the CR1000
Campbell Scientific multipurpose data logger. Solar radiation was measured using a
Kipp & Zonen CMP3 pyranometer, while Type T thermocouples were used to measure tem-
perature in both the indoor space and the phase change material (PCM). The specifications
for the measuring equipment are listed in Table 4.

Table 4. Specifications of CMP, Kipp & Zonen pyranometer [38] and Type K thermocouples [39].

Equipment Characteristics Value

CMP, Kipp & Zonen
pyranometer

Response time
Directional response (up to 80◦ with 1000 W/m2 beam)

Temperature dependence of sensitivity (−10 ◦C to +40 ◦C)
Operational temperature range

Maximum solar irradiance
Field of view

20 s
<20 W/m2

<4%
−40 ◦C to +80 ◦C

2000 W/m2

180◦

Type K thermocouples Temperature range
Accuracy

−270 ◦C to 1260 ◦C
±2.2 ◦C or ±0.75%



Energies 2023, 16, 5236 10 of 20

2.5. Numerical Modeling of the System

The ANSYS Fluent software (2023 R1 version) was utilized for numerical modeling
purposes, whereby the governing equations for fluid flow simulations were employed
to conduct the simulations. One such fundamental principle of fluid dynamics is the
continuity equation, which can be expressed as follows [40]:

div(ρV) + ∂ρ/∂t = 0, (1)

where div represents the divergence operator, ρ is the density of the fluid, V is the velocity
vector of the fluid, and t is time.

The following assumptions were considered in the numerical modeling:

- Melting is a two-dimensional transient phenomenon.
- The movement of the PCM in its liquid state is turbulent, non-Newtonian, and

incompressible.
- Viscosity, density, and thermal conductivity are constant.
- Heat generation, volume expansion, and viscous heating are not considered.

The total enthalpy of the PCM is calculated by adding the sensible enthalpy, repre-
sented by h, to the latent heat, denoted as ∆H [41]:

H = h + ∆H, (2)

and

h = href +
∫ T

Tref

CpdT, (3)

where href is reference enthalpy, Tref is reference temperature, and Cp is specific heat. The
latent heat content is determined by taking into consideration both the latent heat of the
material, denoted as L, and the liquid fraction, represented by β:

∆H = βL, (4)

β =
T − Tsolidus

Tliquidus − Tsolidus
. (5)

The amount of latent heat contained in a substance can change in direct proportion
to the temperature shift between zero (for a solid) and L (for a liquid). This assumption is
based on β = 0 when the material temperature is below the solidification (solidus) tempera-
ture, β = 1 when the material temperature is above the melting (liquidus) temperature, and
a linear variation for temperatures between the solid and liquid states [9].

The Fusion 360 CAD tool is utilized to design a two-dimensional system drawing,
which is then imported into the Design Modeler module of Ansys. This allows the draw-
ing to be prepared for simulation in Fluent. Figure 8 displays the fluids utilized in the
simulation as well as the boundary conditions that were applied.

In order to accurately replicate the conditions and dimensions of the real system, the
simulation model includes an air gap (which allows space for the PCM to expand during
laboratory experiments) and a plastic cover for the glass container. To determine the value
of solar heat gain on each of the outer surfaces (plywood and glass), the solar heat gain
coefficient (SHGC) has to be considered. Solar heat gain (SHG) can be calculated as follows:

SHG = SHGC × SI, (6)

where SI is the value of direct solar irradiation.
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To simulate isotropic turbulent flow, the k-epsilon model is utilized. The momentum
equation’s convective terms are discretized with a second-order upwind interpolation
scheme, while the energy equation’s convective terms are discretized using a first-order
upwind interpolation scheme. To couple pressure and velocity, the Coupled algorithm is
used, and for pressure interpolation, the PRESTO model is adopted.

3. Results
3.1. Steady-State Experiment

Figure 9 illustrates the results of a steady-state experiment conducted in a previous
study [42] by our team of researchers. A series of experiments were performed to compare
the behavior of two distinct PCMs during four different seasons, using the testing conditions
outlined in Section 2.3.
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Figure 9. PCM temperatures in different layers of (a) RT21HC and (b) RT28HC in the autumn conditions.

Figure 9a shows that the upper layers of RT21HC have achieved the melting temper-
ature, resulting in the storage of latent heat, while the lower sections have yet to reach
the melting point. By contrast, Figure 9b displays temperature fluctuations across various
layers of RT28HC under autumn conditions, with neither layer reaching the melting tem-
perature. Previous study findings revealed that in the autumn setup, RT28HC PCM exhibits
a higher peak temperature compared to RT21HC PCM during the charging phase, but
RT21HC PCM achieves a higher indoor peak temperature due to latent heat storage. Both
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PCMs return to their initial outdoor temperature at the end of each daily cycle. In the spring
setup, both PCMs partially melt, but RT28HC PCM reaches a higher peak temperature
than RT21HC PCM. RT21HC PCM has a lower temperature during the charging phase but
higher during the discharging phase. In the winter setup, neither PCM reaches its melting
temperature, resulting in smaller temperature differences between the indoor space and
the PCM. RT21HC PCM experiences higher average temperatures and achieves a higher
room temperature compared to RT28HC PCM. In the summer setup, RT28HC PCM has
a longer plateau period during the solidification phase compared to other seasons, and
RT21HC PCM exhibits higher temperatures during the charging phase, but RT28HC PCM
has higher temperatures during the discharging phase.

The steady-state experiments show that the behavior of the two PCMs varies depend-
ing on the season and the specific conditions of the experiment. While RT28HC reaches
higher peak temperatures during the charging phase, RT21HC achieves a higher indoor
peak temperature due to latent heat storage.

3.2. Dynamic Experiment

The dynamic experiment involved the implementation of the experiment plan condi-
tions with alternating on and off solar simulation cycles.

Although each seasonal setup was tested for 72 h, no substantial variations were
observed in the temperature curves when comparing them day to day. Therefore, the
dynamic experimental outcomes will be evaluated based on the 24 h cycle. Figure 10a
illustrates the average temperature curves of both PCMs under spring testing conditions.
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By contrast, RT28HC reaches higher temperature peaks during the daylight cycle
but experiences a more significant temperature drop while the solar simulator is off, with
thermal energy not being stored in the PCM due to sensible heat transition. The average
indoor temperature in the RT21HC test box is higher than that in RT28HC, with a less steep
slope of the temperature curve during the discharging phase (refer to Figure 10b).

Figure 11 displays temperature graphs for different layers of both PCMs. It is evident
that all layers of RT21HC are in the melting phase, resulting in the storage of latent heat
energy. By contrast, none of the layers of RT28HC have reached the melting point, with
temperature oscillating between the highest and lowest values during the charging phase.
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Figure 11. PCM temperatures in different layers of (a) RT21HC and (b) RT28HC; 72 h cycle.

Similar temperature trends can be observed in both test stands during the autumn
setup. In the summer setup, the average temperatures in both PCMs reach the melting
point, with a gradual increase in temperature values (refer to Figure 12a). Although the
RT21HC test box has the highest indoor temperature values, the temperature peaks do
not exceed 21 ◦C (refer to Figure 12b). Upon observing temperatures in different locations
of RT21HC (refer to Figure 13a), it is evident that all layers of the PCM have exceeded
the melting temperature, and the PCM is completely melted starting from around 2:00,
resulting in sensible heat energy storage. In the case of RT28HC (refer to Figure 13b),
only one spot in the upper layer (L2) has not reached the melting point, indicating partial
liquefaction of the PCM and partial latent heat energy storage. However, at the end of the
24 h cycle, the temperature in RT21HC PCM is 2–3 ◦C higher than in RT28HC, depending
on the location of the layer measurement.
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Figure 14 presents a comparison of the highest average temperatures in both PCMs
and indoor spaces between the steady-state and dynamic experiments. Although there
are similar temperature trends in both types of experiments, the overall temperature
values are higher in the steady-state tests due to the absence of solar irradiance dropouts.
While RT28HC reaches higher PCM peak temperatures in autumn, winter, and spring,
RT21HC exhibits the highest indoor space temperatures in all seasons. This suggests that
RT21HC is more effective in storing thermal energy in the PCM and releasing it into the
indoor compartment.
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Figure 14. Comparison between the highest temperatures reached by RT21HC and RT28HC in
(a) steady-state test and (b) dynamic test.

3.3. Numerical Simulation

To assess how the system would perform under varying climate conditions such as
changes in solar irradiance and outside temperature, it is essential to verify the accuracy
of the model against experimental data. To accomplish this, a laboratory test was carried
out where both experimental setups were heated until the PCM completely melted, and
subsequently cooled to the ambient temperature. The results of the experimental test, as
well as simulated temperature curves, are represented in Figure 15. Since the laboratory test
was conducted inside a climate chamber that maintains a consistent temperature through
its cooling system, the numerical calculations must consider the airflow velocity to match
the dynamics of the actual system, which was recorded at approximately 0.5 m/s.
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To conduct the numerical simulation, information on the outside temperature and solar
irradiance was gathered from two cities located in different regions of Europe. Helsinki,
Finland, in the north, and Seville, Spain, in the south, were chosen for this purpose. The
National Solar Radiation Database was used to collect data from the past three years.
Hourly averages of the direct solar radiation and outside temperature were calculated for
each of the four seasons—spring, summer, autumn, and winter.
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The numerical model relies on various conditions and assumptions, including the
use of global horizontal solar irradiance for solar load calculations, an assumption of
clear skies, and the consideration that only the front-facing side of the box is impacted
by the solar load; the wind direction and speed are ignored in these calculations. Ten
simulations were conducted using the developed model, with six of them simulating the
environmental conditions of spring, summer, and autumn in Helsinki, while the remaining
four simulations imitated spring and winter conditions in Seville. The decision not to
perform simulations for wintertime in Helsinki and summertime in Seville was based on
previous laboratory experiments which indicated that neither of the PCMs provided any
advantages in extremely hot or cold conditions.

The climate in Helsinki during spring and autumn is comparable and mild, with
the exception of slightly higher outdoor temperatures in autumn. Figure 16 represents
simulation results from the spring test in Helsinki.
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From the Helsinki—spring graphs, it is evident that both PCMs underwent a par-
tial melting process and absorbed thermal energy. Further analysis revealed that the
RT28HC PCM experienced a slightly higher average temperature compared to the RT21HC
examined. However, at the end of the 24 h cycle, both PCMs attained almost identical
temperature values. The ambient temperature outside did not exceed 6 ◦C during the
testing period. This implies that all of the thermal energy absorbed by the PCMs was from
solar radiation.

Figure 17 displays the outcomes of the Helsinki autumn simulation. It reveals that
the maximum average temperature of RT28HC was approximately 6 ◦C higher than that
of RT21HC. However, by the end of the 24 h cycle, the temperature of RT28HC dropped
6 ◦C below that of RT21HC. This result can be attributed to the fact that although RT28HC
attained a higher temperature while solar radiation was present, it was unable to reach
its melting point. Therefore, it lost the absorbed heat by the end of the cycle. By contrast,
RT21HC was able to store enough thermal energy to maintain a higher temperature in the
room by the end of the cycle.

Energies 2023, 16, x FOR PEER REVIEW 16 of 21 
 

 

From the Helsinki—spring graphs, it is evident that both PCMs underwent a partial 
melting process and absorbed thermal energy. Further analysis revealed that the RT28HC 
PCM experienced a slightly higher average temperature compared to the RT21HC exam-
ined. However, at the end of the 24 h cycle, both PCMs attained almost identical temper-
ature values. The ambient temperature outside did not exceed 6°C during the testing pe-
riod. This implies that all of the thermal energy absorbed by the PCMs was from solar 
radiation. 

Figure 17 displays the outcomes of the Helsinki autumn simulation. It reveals that 
the maximum average temperature of RT28HC was approximately 6 °C higher than that 
of RT21HC. However, by the end of the 24 h cycle, the temperature of RT28HC dropped 
6 °C below that of RT21HC. This result can be attributed to the fact that although RT28HC 
attained a higher temperature while solar radiation was present, it was unable to reach its 
melting point. Therefore, it lost the absorbed heat by the end of the cycle. By contrast, 
RT21HC was able to store enough thermal energy to maintain a higher temperature in the 
room by the end of the cycle. 

 
Figure 17. Average temperature in the PCMs and indoor room. Simulation results: Helsinki—
autumn. 

Compared to other European cities, especially those in Southern Europe, Helsinki 
experiences cooler and more moderate summers. Throughout the months of June, July, 
and August, the average high temperature in Helsinki typically falls between 18 °C to 
22 °C, while the average low temperature ranges from 10 °C to 14 °C. Figure 18 illustrates 
the temperature graphs of the summer season in Helsinki. As solar radiation reaches high 
levels, both PCMs melted. However, it is evident that RT28HC had the advantage of a 
higher melting point temperature, preventing the room from overheating. In these condi-
tions, RT28HC exhibited smoother temperature fluctuations throughout the entire cycle, 
which resulted in a more comfortable environment in the room. 

 
Figure 18. Average temperature in the PCMs and indoor room. Simulation results: Helsinki—summer. 

Figure 17. Average temperature in the PCMs and indoor room. Simulation results: Helsinki—autumn.



Energies 2023, 16, 5236 16 of 20

Compared to other European cities, especially those in Southern Europe, Helsinki
experiences cooler and more moderate summers. Throughout the months of June, July,
and August, the average high temperature in Helsinki typically falls between 18 ◦C to
22 ◦C, while the average low temperature ranges from 10 ◦C to 14 ◦C. Figure 18 illustrates
the temperature graphs of the summer season in Helsinki. As solar radiation reaches
high levels, both PCMs melted. However, it is evident that RT28HC had the advantage
of a higher melting point temperature, preventing the room from overheating. In these
conditions, RT28HC exhibited smoother temperature fluctuations throughout the entire
cycle, which resulted in a more comfortable environment in the room.
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Compared to Northern Europe, Southern Europe, exemplified by Seville, receives a
higher amount of sunlight throughout the year in all seasons. Seville experiences an average
of 129 sunny days annually, and the solar intensity is higher than in other European cities.
In spring, the solar irradiance value can surpass 900 W/m2, which raises concerns about
the possibility of overheating. However, the nighttime temperatures are still relatively
low, not exceeding 12 ◦C, which may require additional heating. The simulation results
of Seville in spring are depicted in Figure 19. It is evident that RT21HC overheats in such
a climate, causing the room temperature to rise to nearly 35 ◦C. Conversely, RT28HC
has a great potential to prevent the room from overheating during the daytime while
ensuring comfortable temperatures at night, without requiring additional heating. This
case underscores the advantage of RT28HC’s higher heat storage capacity, allowing it to
absorb more thermal energy than RT21HC.
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Seville has a milder winter compared to many other European cities due to its south-
ern location and Mediterranean climate. The average temperature in Seville during the
winter months (December to February) ranges from 8 ◦C to 18 ◦C, which is considerably
warmer than many other European cities during the same period. Yet, additional heating
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is necessary for most of the time. The average PCM temperatures in the Seville—winter
numerical simulation are illustrated in Figure 20.
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Both PCMs exhibit comparable behavior in this scenario, as they have both achieved
the melting point temperature and stored thermal energy through latent heat. The indoor
temperature profiles follow a similar pattern, but the RT28HC performs slightly better, as it
is able to attain a higher maximum room temperature of approximately 21 ◦C. Figure 21
represents the comparison of the highest liquid fraction reached in the PCMs in every
simulation. It is clearly seen that RT21HC has melted fully in two cases, Helsinki—summer
and Seville—spring, which highlights the potential for overheating. In all of the cases,
RT21HC has reached liquid fraction values due to its lower heat storage capacity compared
to RT28HC.
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4. Discussion and Conclusions

Experimental and numerical research was conducted to compare two different phase
change materials (PCMs) with melting temperatures of 21 ◦C and 28 ◦C, respectively, under
specific climatic conditions that mimic the four seasons of the year. A small-scale model of
a building was utilized for the experiment, comprising a test box with a thermal envelope
and an indoor area subjected to heating and cooling loads within a climate chamber. Two
types of experiments, steady-state and dynamic, were performed, and two parameters were
compared: the average temperature of the PCM and the average temperature of the indoor
space in the test box. The results showed that RT21HC PCM had a higher average indoor
temperature than RT28HC, with a less steep slope of the temperature curve during the
discharging phase. By contrast, RT28HC had higher temperature peaks during the daylight
cycle but experienced a more significant temperature drop while the solar simulator was
off, with thermal energy not being stored in the PCM due to sensible heat transition. The
results also showed that all layers of RT21HC were in the melting phase, resulting in the
storage of latent heat energy, while none of the layers of RT28HC reached the melting point,
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with temperature oscillating between the highest and lowest values during the charging
phase. In the summer setup, both PCMs reached the melting point, with a gradual increase
in temperature values. The experimental results suggest that RT21HC is more effective in
storing thermal energy in the PCM and releasing it into the indoor compartment compared
to RT28HC in particular climate conditions.

The numerical modeling gives an insight into the effectiveness of each of the tested
phase change materials applied in different climate zones. The laboratory test was carried
out to verify the accuracy of the model against experimental data. The numerical simula-
tions were conducted using the information on outside temperature and solar irradiance
gathered from two cities in different regions of Europe—Helsinki, Finland, and Seville,
Spain. The simulation results showed that the PCMs underwent a partial melting process
and absorbed thermal energy during the spring, autumn, and summer seasons in Helsinki.
The RT28HC PCM experienced a slightly higher average temperature compared to RT21HC
examined in Helsinki. However, at the end of the 24 h cycle, both PCMs attained almost
identical temperature values. By contrast, during the autumn season in Helsinki, the
maximum average temperature of RT28HC was approximately 6 ◦C higher than that of
RT21HC. However, by the end of the 24 h cycle, the temperature of RT28HC dropped 6 ◦C
below that of RT21HC. The summer season simulations in Helsinki showed that both PCMs
melted, but RT28HC had the advantage of a higher melting point temperature, preventing
the room from overheating. In Seville, the RT28HC PCM had the potential to prevent the
room from overheating during the daytime, while ensuring comfortable temperatures at
night, without requiring additional heating. In the winter season in Seville, both PCMs
achieved the melting point temperature and stored thermal energy through latent heat, but
RT28HC performed slightly better.

This study provides data on thermodynamic processes under various outdoor temper-
atures and solar simulation intensities, which can be used to validate mathematical models
and explore different design scenarios for PCM-enriched building components at various
scales, from small-scale models to real-size buildings. This research is part of a larger effort
to develop PCM-enriched adaptive solar facade systems that can actively contribute to
building energy balance and represent a novel solution in the field of building components.
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