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Abstract — This paper presents a numerical simulation-based study that evaluates the potential
of an active phase change material (PCM) incorporated thermal energy storage (TES) system
for space cooling in residential buildings. In the proposed concept, TES system is composed of
stand-alone PCM storage units which are installed between the concrete ceiling slab and the
ceiling finishing layer. Active control of the thermal energy storage is achieved by night cooling
of a phase change material by means of cold water flowing within a capillary pipe system.
Effectiveness of the system under the typical summer conditions of the Baltic States is analysed
by using computational fluid dynamics (CFD) software Ansys Fluent. Results showed that
installation of the active TES system has a positive effect on thermal comfort, reducing the
average indoor air temperature by 6.8 °C. The outcome of this investigation would be helpful
in selecting the key characteristics of the system in order to achieve the optimum performance
of an active TES system for space cooling of buildings in similar climates.
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1. INTRODUCTION

According to the data form the European Commission, building sector is the dominant
energy consumer in the EU and accounts for approximately 40 % of total energy consumption
and over 36 % of greenhouse gas emissions in the EU [1]. Therefore, the EU has introduced
a number of legislative instruments promoting the improvement of the energy performance
of buildings — the 2010 Energy Performance of Buildings Directive [2] and the 2012 Energy
Efficiency Directive [3]. The Directives mandate to minimize the energy use in buildings by
renovating old buildings and constructing new buildings with nearly zero energy
consumption. These requirements drive engineers and scientists to search for new solutions
and building concepts [4]-[6] that contribute to achieving the mentioned energy goals.

Conventional heating, ventilating, and air conditioning (HVAC) systems are responsible for
most of the energy use in buildings as well as for associated greenhouse gas emissions [7]. Hence
there is a demand for alternative energy technologies such as thermal energy storage (TES)
systems that can reduce the energy consumption and improve the energy conservation in
buildings. The recent developments in TES systems show that latent heat thermal storage systems
with the application of phase change materials (PCMs) have received considerable attention due
to their ability to provide high energy-storage density and their ability to store thermal energy at
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relatively constant temperatures [8]-[11]. While energy storage capabilities of traditional building
materials are restricted to sensible heat, the PCM ability to store energy is defined by latent heat
of fusion. PCM absorb or release the energy equivalent to their latent heat during the phase change
process thus providing a large heat capacity over a limited temperature range [9].

TES systems with application of PCM for buildings can generally be divided into three
categories: passive, active and free cooling systems for heating and cooling. In passive application
systems, PCMs are incorporated into a building envelope to increase thermal mass, and the TES
system operates without the external supply of energy. This way phase change material will absorb
or release energy if the adjacent air or surface temperature is above or below the melting point.
Typically, in passive applications PCM melts during the daytime thus absorbing the heat and
solidifies during the night by dissipating the stored energy. Many studies [12]-[17] have reported
that incorporating PCMs in passive applications for cooling and heating can improve indoor
thermal comfort and reduce the building energy consumption; however, the energy savings and
amount of temperature reduction varies significantly and largely depends on the thermo physical
properties of PCM, internal gains and local climatic conditions.

Since PCMs are a form of thermal energy storage that requires dissipation of the stored heat to
return to a solid state in order to begin a melt-freeze cycle again, the major drawback of passive
cooling applications is that PCM may not solidify completely at the end of night cooling. Due to
that PCM mainly interacts with indoor air which temperature most part of a summer night is higher
than temperature of the phase change, night cooling duration may not be sufficient to completely
solidify the PCM. To overcome this problem during the last two decades free cooling and active
application methods have been investigated extensively by many researchers.

The free cooling is a technique based on natural night time ventilation to dissipate the PCMs
stored energy and its working principle is based on two operation modes. The first mode is similar
to the passive application method — during the day-time indoor air circulates through the PCM
storage unit, where PCM melts by absorbing the heat from the indoor air thus reducing the room
air temperature. In the second mode, during the night-time when the outdoor temperature is lower
than the indoor temperature, cold ambient air is circulated through the PCM storage unit releasing
the stored heat and PCM starts to solidify. Many studies [18]-[22] have shown that free cooling
TES systems are a promising technique, however, their application strongly depends on the local
diurnal temperature range — it has to be between 12 °C and 15 °C in order for a system to be
effective [10].

Contrary to the free cooling, active TES systems commonly use fans and pumps to transfer
energy to air or water, which serve as the working fluids to move thermal energy of PCMs.
In active application systems, the storage capacity of PCMs is typically integrated into HVAC
systems such as solar heat pumps, air-conditioning units, floor heating and thermally active ceiling
panels [23]-[26]. Detailed analysis on the latest developments in the fields of the active
application and free cooling systems with PCM can be found in extensive reviews [27]-[29].
Reviews show that PCM applications in both the active and free cooling systems are effective and
technically feasible; however, more research is needed to convey the concept from the theoretical
and experimental stage to the real implementation phase [10].

There are various methods to incorporate PCMs into building envelope. PCMs can be
integrated as separate components into building envelope (encapsulation) or integrated
directly (immersion and impregnation) into conventional building materials. Typical
applications of the direct integration into building materials include PCM-impregnated
wallboard, concrete, floors, ceiling and roofing materials [30]. Encapsulation, on the other
hand, involves containing the PCM with another material. Two encapsulation techniques can
be defined: the micro- and macro-encapsulation. Micro-encapsulated PCMs are typically
contained by microscopic polymeric capsules which then are incorporated into various
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building materials [30]. The macro-encapsulation is the technique in which PCMs are
contained in a wide range of containers such as tubes, spheres and panels that interact with
other building materials through conduction and convection.

Although PCM can be integrated into any component of the building envelope, wallboard
applications have been the most common approach used in passive application methods.
Contrary, in active application methods PCMs are widely integrated into the building ceiling
as it is the most exposed surface of the interior space, thus subjected to the highest indoor
temperatures. In most of the active application methods PCM storage units are used in
connection to air-based systems, however, there are several studies investigating the water-
based systems. These systems use water as a heat carrier to satisfy the sensible cooling loads.
Koschenz and Lehman [25] described the development of a thermally activated ceiling panel
for incorporation in lightweight and retrofitted buildings. Active control of the thermal storage
is achieved by integrating a water capillary tube system in the micro-encapsulated phase change
material/gypsum composite. It was demonstrated that a 5 cm layer of PCM suffice to maintain
a comfortable room temperature in standard office buildings. Tzivanidis et al. [26] conducted a
parametric analysis for ceiling cooling system with PCM embedded piping. Active regeneration
of the PCM was realized via cold water flowing. Investigation showed that the selection of
proper values for the system’s main parameters such as pipe spacing, PCM layer thickness,
night cooling duration and cooling water inlet temperature is paramount in order to achieve the
optimum performance of the system.

In this paper, a new concept for an active PCM thermal energy storage system is described. TES
system composed of stand-alone PCM storage units is proposed for space cooling in a multi-storey
nearly zero-energy residential buildings. The system is integrated into the building interior
between the concrete ceiling slab and the ceiling finishing layer. Active control of the PCM
thermal storage is achieved by night cooling of a phase change material by means of cold water
flowing within a capillary pipe system incorporated in the storage unit. The main focus of this
study is to investigate numerically the thermal response of the proposed active TES system under
summer climatic conditions of the Baltic States. For the comparison purposes performance
analysis of the passive application (without the night cold water cooling of the phase change
material) of the proposed PCM storage unit is also conducted in this study.

2. CONCEPT FOR AN ACTIVE THERMAL ENERGY STORAGE SYSTEM

Considering the latest developments in the field, the aim of this study was to design an active
TES system with the application of phase change materials for space cooling in nearly
zero-energy residential buildings. The main requirements for the TES system was to achieve
thermal storage capacity approximately equal to the heat gains within the space during the
daily cycle and to be suitable for local installation in the building interior while occupying
minimum space. In the design process three main considerations were defined: PCM
integration method, PCM storage location in the building interior, PCM cooling method.

The above considerations prompted a design of a TES system of stand-alone PCM storage
units located between the concrete ceiling slab and the ceiling finishing layer.
The macro-encapsulation technique is adopted for the storage unit as a steel tray serves as a
container for phase change material. The PCM in the storage unit melts during the daytime
upon exposure to the internal thermal loads and solidifies overnight by means of cold water
flowing within a capillary pipe system incorporated in the storage unit. Each unit is separately
connected to one cooling water inlet and one outlet in order to achieve maximum night
cooling effectiveness. The overall concept of the PCM thermal energy storage unit is given
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in Fig. 1. The main advantage of this concept is the simple integration of the system into the
building interior compared to other TES systems as the stand-alone unit can easily be added,
removed or retrofitted without affecting the building structure.

inlet

=

Fig. 1. Schematic representation of the PCM thermal energy storage unit.

3. NUMERICAL MODELLING

The objective of the present work was to investigate numerically the performance of the
proposed TES system for space cooling in residential buildings. Numerical simulations were
performed to determine the required storage unit characteristics such as quantity of PCM,
number of embedded pipes, the cooling water inlet temperature and night cooling duration.

In order to minimize the computational efforts, numerical simulations were carried out in
two stages: 1) a two-dimensional finite element model (building model) for a room of a typical
multi-storey residential house is developed and the related heat-transfer problem is solved; 2)
a detailed three-dimensional numerical model (storage unit model) of the PCM thermal
energy storage unit is developed and solved for the night cooling of PCM. General solution
algorithm is as follows: In the first stage, a typical building thermal condition simulation for
a room with the integrated PCM storage unit is carried out for a defined time period. In the
next stage, simulation results of the building model are supplied into the 3D storage unit
model for simulation of the night cooling of PCM. Obtained results of the night cooling are
then supplied back to the building model and the room thermal condition simulation for the
next time period is performed. The procedure is repeated continuously for the whole analysis
period. In summary, each calculation consists of the 2D building simulation of the room
thermal condition incorporating output of the night cooling simulation using the 3D storage
unit model. Solving of both models is done by means of computational fluid dynamics in the
Ansys Fluent software which employs the finite volume method for solving the mass,
momentum and energy conservation equations.

3.1. Building Model

The present study is carried out in the frames of the project aiming at the development of a
new concept for sustainable nearly zero-energy buildings. The proposed concept for a design
of multi-storey residential building assumes that a load bearing core is made of lightweight
high-performance cement composite which subsequently allows building envelope to be
self-supporting and made of bio-based materials with improved hydrothermal properties.
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Thus, the object of the present case study is a living room with dimensions of 6 X 6 X 3 m
located on the second floor of a multi-storey residential house designed according the
proposed concept. The external walls are constructed from three layers of bio-based materials
with total thickness of 0.37 m [31]. The internal walls and floors are made of 0.12 m thick
high-performance cement composite [32]. Fagade side contains 40 % fenestration which
comprises 7.2 m2. The windows feature three layers of glazing (4 mm) with air gap (9 mm)
between the layers. The system of stand-alone PCM storage units is installed under the lower
surface of the concrete ceiling slab. Detailed properties of all materials used in this study are
listed in Table 1.

TABLE 1. MATERIAL THERMAL PROPERTIES

Domain Material Density, Specific heat, Thermal conductivity,
kg/m? J/(kg-°C) W/(m-°C)
Air Air * 1000 0.0267
Inner wall and slabs Concrete 2322 850 1.7
External wall Outer layer (30 mm) 452.2 1650 0.112
Middle layer (290 mm) 210.1 1250 0.062
Inner layer (50 mm) 3325 1450 0.077
Window Glass (4+4+4 mm) 2500 840 0.76
Air (9+9 mm) 1.3 1000 0.0267
Lumped 1000.8 840.1 0.7441
Finishing layer of the ceiling  Gypsum 800 950 0.15
PCM container Steel (walls) 8030 502.5 16.27
Copper (pipes) 8978 381 387.6
Water (heat transfer agent) ~ 998.2 4182 0.6

*Air density is temperature dependent: p = 1.292 — 0.00466-T (°C) + 0.00001367-T2 (°C)

TABLE 2. THERMAL PROPERTIES OF PHASE CHANGE MATERIAL

Phase Temperature, °C  Density, kg/m®  Specific heat, Thermal Heat storage
J/(kg: °C) conductivity,  capacity, J/kg
W/(m- °C)
Solid <20 760 2000 0.2 _
Melting/ 20...23 1160—20T (°C) 2000 0.2 160 000
solidification
Liquid >23 700 2000 0.2 _

Numerical model of the room is reduced to a 2D problem due to negligible changes in
z-direction. Accordingly, a two-dimensional finite element model is developed and the related
heat-transfer problem is solved. Since the room is taken as a part of multi-storey building,
only a half of the thickness (0.06 m) of the internal walls and floors is modelled and symmetry
boundary conditions (zero heat transfer) are applied to the corresponding sides of the
computational domain. Outer surface of the external wall is described as convective boundary
with a convection heat transfer coefficient h = 25 W/(m?-°C) at the surface. Air flow inside
the room due to natural convection is expected to be turbulent, and standard k-¢ model is used
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to describe this flow. Surface-to-Surface radiation model is used to simulate radiative heat
exchange between indoor surfaces of solid domains.
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Fig. 3. Outdoor air temperature and solar radiation.

For the 2D model, TES system is assumed to be built of 11 steel containers with dimensions
of 500-25 mm and wall thickness of 0.5 mm. The storage unit is filled with phase change
material paraffin RT22HC [33]. PCM thermal properties according to the manufacturer data
are given in Table 2. The storage units are located under the concrete ceiling slab at the
distance of 50 mm and covered by the 10 mm thick finishing layer (gypsum board). To
enhance the heat transfer between the indoor air and the PCM, the finishing layer is closely
attached to the storage unit leaving no air gap between them. Dimensions and the schematic
diagram of the 2D simulation domain are depicted in Fig. 2. Night cooling of the phase change
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material is simulated by using a separate 3D PCM storage unit model and the obtained results
are supplied to the building model at the defined time step.

The meteorological parameters (Fig. 3) of Riga during the period of 5" to 12" of August
2018 were chosen to represent the typical weather conditions of a hot summer in the Baltic
States. In order to account for the hottest possible scenario, it is assumed that the fenestration
facade is south oriented. Solar radiation incident on the south oriented vertical plane is
recalculated according to the numerical weather forecast models available at [34]. Absorption
coefficient of 0.44 for solar radiation incident to external wall surfaces is selected.
The fenestration transmission coefficient of 0.6 is adopted. Solar radiation absorbed by
glazing equals 10 % while the indoor air and interior surfaces absorbs 50 %. Absorbed energy
is simulated by equivalent time-depending heat sources distributed in a thin outside layer of
the external wall, in a window domain and in a thin boundary layer between the indoor air
and floor, respectively. Internal gains of 5 W/m? due to people, lighting and equipment are
taken in to account. Indoor loads are applied as an equivalent heat source homogenously
distributed in the air domain. A ventilation and infiltration rate of 1 air changes per hour
(ACH) is included in the simulation.

Characteristic size of the finite elements varies from 3 to 40 mm depending on the
simulation domain (smaller elements are used for window, gypsum board and PCM domains,
larger — for walls, concrete slabs and inner air). Total number of 4-nodal planar elements used
in the building model is 21 440. Transient analysis with initial temperature of 20 °C (equal to
the solidus temperature of PCM) for all domains and constant time step size of 5 s is carried
out for 192 h or 8 days. Selected time step provides a stable solution convergence and is based
on the results of the convergence study of the inner air temperature. The developed numerical
model was tested for the establishment of periodic steady state, i.e. the solution repeats itself
every 24 h when 24 h meteorological data is used. Applying 0.3 °C convergence criterion,
periodic steady state was reached in five 24-h cycles.

3.2. Storage Unit Model

In this paper, only the most effective configuration (pipe spacing, PCM layer thickness,
water inlet temperature and velocity) of the PCM storage unit for the studied room
is considered. Casing made of 0.5 mm thick sheet steel with internal dimensions of
1000-500-25 mm serves as a container for phase change material. Solidification of PCM is
achieved by cold water flowing within 13 parallel copper pipes of internal diameter of 7 mm
and wall thickness of 0.5 mm which are introduced at the distance of 38.5 mm to each other
and at the depth of 12.5 mm from the undersurface of the storage unit. PCM storage unit is
connected to one cooling water inlet and one outlet. Cooling water flow with inlet temperature
T =15 °C and velocity v = 0.2 m/s is considered turbulent and standard k-¢ model is used to
describe it. Material properties used for the 3D model are given in Table 1. A fragment of 3D
finite element model for the storage unit and the schematic diagram of the simulation domain
are given in Fig. 4.

Characteristic size of the finite elements varies from 1 to 6 mm depending on the domain.
Hexagonal 8-nodal elements are used for mapped mesh of water and pipe domains, tetrahedral
4-nodal and pyramidal 5-nodal elements — for free mesh of PCM domain. Total number of
elements is 1 283 434. Series of transient analyses with initial temperature and intensity of
boundary heat flux obtained from the building model is carried out with constant time step
size of 5s.
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inlet: 7=15"C; v =02 m/s
time-dependent heat flux

Fig. 4. Fragment of 3D finite element model.

3.3. Governing Equations for PCM

Two methods — the Enthalpy Method [35] and the Effective Thermal Capacity Method
[25], [36], are generally employed for numerical simulation of phase change process. Since
in the present study the phase change is interesting only as a macroscopic phenomenon, the
latter method is selected. The selected method describes the PCM thermal capacity as a
function of temperature in the phase change range. The method considers that the PCM is
fully charged above the solidification temperature and fully discharged below the melting
temperature. In order to mathematically describe the process inside the PCM storage unit, the
following assumptions have been made:

— The PCM is homogeneous and isotropic;

— PCM properties are assumed to be constant in both solid and liquid phase except for the
mass density;

— Convective flow of the PCM is accounted due to density change during
melting/solidification.

The enthalpy of the PCM is computed as the sum of the sensible enthalpy, h, and the latent
heat, AH:

H=h+AH, (1)
and
T
h=hy + .[Vref C,dT, @)
where
Rret Reference enthalpy;
Tret Reference temperature;

Cp Specific heat.

The latent heat content according to Ansys Fluent model is calculated in terms of the latent
heat of the material, L, and liquid fraction, g:
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AH=1AL. 3)

The latent heat content can vary proportionally to temperature change between zero (for a
solid) and L (for a liquid), since it is assumed that g = 0 if material temperature is lower than
the solidification (solidus) temperature, g = 1 if material temperature is above the melting
(liquidus) temperature, and varies linearly for temperatures between solid and liquid state:

,3 _ T _Tsolidus (4)

Tliquidus ~ 'solidus

Graphical representation of the melting/solidification and heat capacity models for partial
enthalpy together with experimental data for heating and cooling provided by material
manufacturer are given in Fig. 5. The idealized models correspond to the Effective Thermal
Capacity Method and are built according to the nominal heat storage capacity guaranteed by
the manufacturer (Table 2).
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Fig. 5. Specific heat capacity and melting model of RT22HC.

3.4. Numerical Simulation Procedure for the Active Control of the PCM Thermal Storage

Based on the preliminary analysis, the active regeneration of the PCM begins every night
at 22:00 h. For this reason, the 2D building thermal condition simulation for the room with
the integrated PCM storage units is performed for each day till 23:00 h. Then obtained
calculation results are transferred to the 3D model for the simulation of the night cooling.
Principal characteristic linking both developed models is the phase transition state of the
PCM, expressed in terms of the liquid fraction. Since CFD software Ansys Fluent does not
support direct transfer of liquid fraction of the PCM between the models, it is proposed to use
the average temperature of the PCM instead, which can be calculated from the average liquid
fraction by using (4). Thus, the average temperature inside the PCM storage unit at 22:00 h
is derived from (4) and together with the time-dependent heat exchange between the indoor
air and the PCM storage unit for the time period between 22:00 h and 23:00 h is supplied into

82



Environmental and Climate Technologies
2019/23

the 3D model. This information is then used to simulate the heat transfer between cold water
and the PCM for this time period. In the next stage, the derived average liquid fraction of the
PCM at 23:00 h is employed to calculate the average temperature inside the PCM storage unit
by using (4), which is then supplied back to the 2D model for the room thermal condition
simulation for the next time period (23:00 — 24:00 h). The routine outlined above is performed
continuously using one-hour calculation step until the PCM inside the storage unit has
completely solidified. This is followed again by the 2D building thermal condition simulation
till the next night cooling of the PCM.

4, RESULTS AND DISCUSSION

The objective of the present work was to investigate numerically the performance of the
active PCM thermal energy storage system for space cooling in residential buildings. Nearly
zero-energy requirements in northern climate demand the thermal storage and insulation
properties of the building envelope to be designed in order to delay and decay the outdoor
temperature and to reduce the heat loss during winter. On the other hand, well-insulated
building envelope and highly glazed fagade causes overheating of the building in summer
time, and therefore comfortable indoor air temperature cannot be maintained without space
cooling in the Baltic climate. To ensure acceptable thermal comfort the indoor air temperature
should be in range between 21 °C and 28 °C. As one can see in Fig. 6, the indoor air
temperature rises well above the defined comfort level without space cooling during a hot
summer week in Riga. During the analysis period, the maximum indoor temperature reaches
40.9 °C on August 10 when the highest solar radiation gains in combination with the outdoor
air temperature of 30.9 °C are observed. However, it must be noted that in order to assess the
performance of the TES system, the most extreme scenario is considered in this study: the
glazed fagade is south oriented and the fenestration transmission coefficient of 0.6 for solar
radiation is assumed as there is no low-emissivity coating on the glass surface or mechanical
blinds considered in the simulation.

Two types of TES systems — passive and active — for space cooling are analysed in this
numerical investigation. In the passive application, the proposed TES system is used without
the night cold water cooling of the phase change material. In this case, the 2D building thermal
condition simulation for the room with integrated PCM storage units is performed for the
whole analysis period. Obtained results (Fig. 6) show that the indoor air temperature was
reduced by an average of 3.1 °C with a maximum reduction of 4.0 °C throughout the first 3
days due to the passive application system. However, as it was expected, PCM suffers from
poor solidification rate at night, thus the full storage capacity of the phase change material is
not available during the day. Although the outdoor air temperature drops below the
solidification temperature (23 °C) of the PCM every day, the indoor air temperature never
drops below the 24 °C due to well-insulated building envelope. As it is evident in Fig. 6, the
indoor air temperature does not allow the PCM to solidify overnight; moreover, it keeps on
melting during the night only at a slower rate. Fig. 6 shows that the PCM melts completely
during the fourth day of the analysis period, nevertheless, it still provides sensible heat storage
as an average reduction of 2.5 °C in air temperature is observed during the following days.

Obtained results of the passive cooling application suggest that the additional dissipation
of the PCM’s stored heat is required in order to take the entire advantage of the storage
capacity. Slope change of the PCM liquid fraction curve in the passive application suggests
that the active regeneration of the PCM should begin at around 22:00 h and should be
completed before 06:00 h, which corresponds to the daily solar gain cycle. Therefore, in this
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study, flow of the cooling water within a capillary pipe system is set on at 22:00 h and turned
off when the PCM has returned to the solid state.

Results presented in Fig. 6 show that the active application of PCM can achieve
significantly larger reduction of the indoor air temperature compared to the passive cooling
application. This is demonstrated by an average of 6.8 °C reduction of indoor air temperatures
with a maximum reduction of 10.5 °C in comparison to the simulation results of the building
with no TES system installed. However, the maximum indoor temperature reaches 30.4 °C
which is above the defined thermal comfort level of 28 °C. This suggests that the latent heat
storage capacity could be increased; but on the other hand, Fig. 6 shows that only 65.7 % of
the PCM have melted during the hottest day while on other days, liquid fraction of the PCM
is as low as 24.1 %. Preliminary calculations proved that although the storage capacity
increases by increasing thickness of the PCM layer; area of the integrated PCM or in this case
the number of the storage units has a significantly larger impact on the stored heat amount.
This is because low thermal conductivity of the PCM obstructs proper heat absorbing and
dissipation. Taking into account the technological installation restraints, already the
maximum possible number of the PCM storage units covering entire ceiling area is considered
in this investigation. Therefore, for the studied room the best solution would be to additionally
introduce mechanical blinds or low-emissivity coating on the glass surface to reduce the daily
solar gains as they accounted for approximately 76 % of total heat gains. Integration
flexibility of the proposed system allows designing a custom TES system suitable for rooms
with different thermal conditions. This way the entire PCM storage capacity can be used.

42
40
38
36
34
32
30
28
26
24

6 o o =
= (2] [ee]
Liquid fraction

Temperature, °C

T
o
N

20 oot i i i 15 B ¥ i 0

0 12 24 36 48 60 72 84 96 108 120 132 144 156 168 180 192
Time, h

Room temperature without TES system

Room temperature with passive TES system

Room temperature with active TES system

--------- PCM liquid fraction in passive TES system

------- PCM liquid fraction in active TES system

Fig. 6. Dependences of temperature and liquid fraction on time.

Ilustration of the active control of the thermal storage is given in Fig. 7-10 by an example
of the night cooling of the PCM on the sixth day of the analysis period. Graphical temperature
distribution inside the storage unit is presented on the left while the PCM liquid fraction plot
is given on the right. As shown in Fig. 7, at the beginning of the night cooling the average
temperature of 21.97 °C is uniformly distributed over the whole PCM domain corresponding
to the liquid fraction of 65.7 % according to Eq. (4). After one hour of the night cooling the
PCM temperature inside the storage unit varies from 15.16 °C in regions around the pipes to
21.99 °C at the edges of the unit. Graphical representation of the PCM liquid fraction given
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in Fig. 8(b) shows that PCM is already in the solid state around the pipes while at the edges
of the unit liquid fraction has increased from initial 65.7 % to 66.5 %. This is because the
indoor air temperature during the night is higher than the phase change temperature not
allowing the storage unit walls to cool down. Nevertheless, the average liquid fraction of the
PCM has decreased to 34.9 % due to the cold water flow. Fig. 9 presents the results of the
night cooling after 2.5-hour duration. Temperature distribution shows that PCM temperature
in regions neighbouring the water inlet is approximately equal to the water temperature
suggesting that PCM has solidified here while regions next to the water outlet are still in the
two-phase state. Correspondingly, the average liquid fraction of the PCM has dropped down
to 8.6 %. Fig. 10(a) depicts the temperature profile corresponding to 3 hours and 46 minutes
of night cooling. It is seen that the PCM temperature inside the storage unit is mostly lower
than the solidus temperature of the PCM except for the edges of the unit. Calculations showed
that due to continuous heat loads owing to the indoor air temperature being above the freezing
point, it would take a few more hours of the night cooling to completely solidify PCM. For
this reason, the liquid fraction of 1 % is adopted as a trigger value to end the night cooling.

The performance of the night cooling for the analysis period is presented in Fig. 11. It shows
that night cooling duration varies from 1h 29 min to 3h 46 min for solidification of 24.1 %
and 65.7 % of the liquid fraction of PCM, respectively. The solid line in the figure refers to
interpolated values which are obtained by approximating the calculated values (dots) while
the dashed lines are extrapolation of the approximated values. The obtained curve indicates
that for the current configuration of the PCM storage unit it would take approximately 5 hours
for a completely melted PCM to return to the solid state. These results suggest that for the
studied room the present system is able to cool down PCM in the desired time, however, the
system’s main parameters could be changed to more favourable values as far as energy saving
is considered. For example, night cooling duration may be increased by decreasing the
number of pipes or increasing the cooling water inlet temperature. Preliminary calculations
showed that water velocity has a minimal effect on the cooling power; therefore, it should be
selected considering physical and technical specifications of the water pump. As expected,
analysis of the effect of the pipe depth within the storage unit showed that the system performs
best when pipes are embedded at the middle of the unit. In summary, this study showed that
for the optimum performance of the space cooling system, a proper selection of the system’s
main parameters is critical.
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Fig. 7. Temperature (a) and liquid fraction (b) distribution at the beginning of the night cooling.
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Fig. 8. Temperature (a) and liquid fraction (b) distribution after 1 h of the night cooling.

Temperature [C] Mass Fraction

2.200e+01 6.677e-01
™ 2.130e+01 Fs.ooee-m
™ 2.060e+01 " 5.342e-01
1.990e+01 4.674e-01
| 1.920e+01 | 4.006e-01
| 1.850e+01 . 3.339e-01
l 1.780e+01 I 2.671e-01
1.710e+01 2.003e-01
W 1.640e+01 Y o 1.3350-01
I 1.570e+01 I 6.677e-02
1.500e+01 Average PCM temperature 19.08 (€] 0.000e+00 Average PCM liquid fraction 0.086

(@) (b)
Fig. 9. Temperature (a) and liquid fraction (b) distribution after 2.5 h of the night cooling.
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Fig. 10. Temperature (a) and liquid fraction (b) distribution after 3 h 46 min of the night cooling.
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Fig. 11. Night cooling duration dependency on the initial PCM liquid fraction.
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5. CONCLUSIONS

The objective of the present work was to evaluate the potential of the active PCM
incorporated TES system for space cooling in residential buildings. TES system in the form
of stand-alone PCM storage units where active control of the thermal storage is achieved by
cold water flowing within a capillary pipe system was proposed. For comparison, also the
performance of the passive cooling application was investigated. The dynamic thermal
simulations were carried out by using the computational fluid dynamics software
Ansys Fluent. The results showed that the active cooling application is superior in reducing
the indoor air temperature of the studied room compared to the passive one. The main reason
is that in the passive application, the PCM suffers from a poor solidification rate during the
night not allowing using the full storage capacity of the PCM during the day. The active TES
system results in average of 6.8 °C reduction of indoor air temperatures during the analysis
period. In spite of the system’s acknowledgeable performance, the maximum indoor
temperature rises above the defined thermal comfort level of 28 °C for a few hours on the
hottest days. In the same time, results demonstrate that at the most only 65.7 % of the
available 590 Wh/m? of the present system’ s storage capacity has been used which suggests
that more than the required amount of the PCM was used. In the ideal case, the entire PCM
should be in liquid and solid states at the start and the end of night cooling, respectively. In
practice that is almost impossible to obtain, therefore the system should be designed to
achieve thermal storage capacity approximately equal to the average heat gains during the
daily cycle under minimal energy consumption and operational costs required for the night
cooling.

The present configuration of the system requires 27.7 litres of water per hour circulated
through one storage unit for the night cooling of the PCM. In total, the whole system circulates
1.5 m® of water per hour which suggests that closed loop system with heat exchanger should
be used. In order to design not only effective but also practical TES system, water circuit
system parameters such as storage capacity and heat exchange rate of a water tank as well as
capacity and energy consumption of a water pump must also be included in the design
optimisation as side constraints.

The main advantage of the proposed concept is that the stand-alone PCM storage units can
easily be incorporated into the building interior in required numbers based on the initial
thermal conditions of any particular room. This way the optimum performance of the system
can be achieved and the entire PCM storage capacity can be used. The results of the numerical
design process will be further used to produce prototype modules for laboratory tests.
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