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Abstract. The global energy crisis has caused a double effect. On the one hand, users are increasingly
aware of the energy cost they face. On the other hand, public administrations have become aware of the
importance of limiting energy consumption in buildings as a way to combat climate change and reduce
the energy dependence with the climate. This situation supposes a great opportunity for innovative
constructive solutions with an energetic behaviour that surpasses the traditional approach of reduction of
the transmittance. In this work, studies are presented to obtain potential of a new solution thermally
activated with two innovations with respect to those existing in the market: its activation is done by hot /
cold water produced by renewable systems; and its concrete structural element in addition to having
coupled the heat exchanger presents an innovative mortar doped with PCM microencapsulated phase

change material.

1. Introduction

Without energy, hardly anything would work in this
modern era. It is present in every aspect of our lives and,
as a consequence, increasing energy efficiency and
savings is paramount in our battle against climate
change, which will eventually take place in the whole
world. An efficient use of energy should be
accomplished not only by considering the technologies
that produce it, but also the final energy uses. The
ongoing progress, that it is facing towards
unsustainability, can only be mitigated by changing our
way of thinking, modifying normative, promoting
education and developing new energy models.
Nowadays, it is impossible to imagine the world as it is
known without an electricity supply, every day that
passes the electricity consumption grows as our needs
do. However, a global growth in consumption leads to a
greater need for electricity generation, which in most
cases is obtained from fossil fuels, sources limited in
nature and which are also the cause of large emissions of
harmful gases for the environment [1]. In recent times, it
has shown that traditional energy improvement
approaches are insufficient to ensure a sustainable future
for all, even with the notorious emergence of renewable
energies.

In this context, strategies that, they promote reduction of
heating and cooling needs through improving thermal
comfort and energy savings in buildings like thermal
energy storage (TES) or thermal activally building
systems (TABS), have been increased their applicability
[2].

The implementation of thermal storage techniques
improves energy efficiency of buildings by reducing
peak needs (costs) and decouple building needs of
production systems. They also favor the integration of
renewable sources and the possibility of efficient energy
management [3]-[5].
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Besides, according to [6], structural thermal energy
storage intends to activate the thermal mass so as to
increase its use on top of its passive behavior to store
energy, allowing an interesting potential in a smart grid
context where moving loads contributes to increasing
flexibility for the grid through demand response
approaches. The previous study also claims that since
this approach is exploiting the mass of a material that has
been built for another purpose, it does not require
additional investment in storage devices.

However, although providing energy flexibility in
buildings by controlling appliances may be beneficial,
from our point of view TCLs should be considered as a
higher priority due to their much larger energy
consumptions and thus potential contributions. The TCL
are able to provide flexibility thanks to the thermal mass
and inertia, can be seen as a storage solution that can be
controlled.

In [7] different thermal storage options were reviewed,
concluding that the incorporated thermal mass was more
profitable than the water buffer tanks. Therefore, it is
important to take into account the characteristics of the
building. The objective in [8] was to assess the potential
of buildings to modulate heating power and define
simple control strategies to exploit the potential for
flexibility. According to [9] which evaluated value of the
flexibility of thermal inertia in buildings and active TES
in ACS tanks, valuing the participation of users. In
addition, the study in [7] presents a review of the
existing literature on supervisory control to improve the
energy flexibility provided by building heat pumps.

This work shows an innovative solution TABS activated
using water tubes. Also commented advantages, this
solution has high thermal inertia for guarantee energy
and cost savings [5], [10].

Furthermore, heat radiated by these elements improves
the comfort conditions (medium term) by improving
internal thermal distribution, which is a competitive
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advantage compared to conventional convective systems
[11]-13].

This work has been done in INPHASE project. The main
objective of INPHASE is to develop a new prefabricated
panel for facades of residential buildings (dwellings,
hotels, university residences, nursing homes, etc.)
executed in an industrialized way with conventional
systems that have a high thermal inertia. In order to
achieve this goal, integration of concrete and phase
change materials (PCMs) is carried out. This newly
developed construction solution can integrate the phase
change materials, either in the concrete matrix or in the
constructive solution outside the matrix of this material.
Another barrier that this work has allowed to overcome
is how to design the activation system that, through a
strategic and homogeneous distribution of phase change
materials, allows its activation in a period of time short
enough to allow its loading and unloading in 24-hour
cycles.

2. Description of studied thermally
activated building system (TABS)
INPHASE

The solution studied consists in a new prefabricated
panel activated thermally (TABS) for facades of
residential buildings. This is composed of concrete as a
structural element, which is coupled with a mortar layer
and microencapsulated PCM. The layer of mortar and
microencapsulated PCM has embedded an exchanger.
Water is circulated through this exchanger at different
temperatures, depending on thermal needs of building, or
availability of renewab_lxghgneg_ .

Fig. 1. Internal details of INPHASE solutions

Figure 1 shows main section of the element. It is
composed of two layer: layer 1 is concrete (12 cm) and
layer tow is mortar plus microencapsulated PCM (4cm).
As the PCM is microencapsulated convection currents in
the molten PCM is not considered.

Heat exchanger (figure 2) consists of a plastic pipe with
an outer diameter of 10 mm and a thickness of | mm for
a panel of 2.7 x 2.7 m and 4 cm of thickness, with a
separation of 100 mm between pipes and a radius of 150
mm in each elbow. This one, as it has been commented
previously, is embedded in the layer of mortar and PCM.

Fig 2. Spiral heat exchanger inside PCM mortar layer

The innovative element of the solution is the mortar on
which the pipe grid is fixed and also phase change
material is added. Mortar is obtained from cement
mixture (CEM I 52.5 R), fine aggregate, limestone filler
and microencapsulated Micronal DS 5038X.

The presented constructive solution, which has been
developed within the INPHASE project, presents
innovative points among which stand out: high thermal
inertia, given that the solution is mainly composed of
concrete and also micro-encapsulated PCM is added.
High thermal activation capacity, given the activation by
water through pipe system and optimization of the
proposed design for its coupling with a renewable
generation system. It should also be noted that the
solution has completed the entire value chain and
technical tests that require its commercialization.

It should be noted that it is an economically competitive
solution, whose global construction costs do not increase
with respect to traditional construction, so that the
solution developed is commercially viable. In addition, it
has been taken into account that the extra costs incurred
can be transferred to the product via added value, so that
the solution developed allows to gain market share and
generate profits. This added value is evident in the
analysis made in the following sections.

3. Analysis of thermal behaviour of
proposed solution through CFD

3.1 Model of solution

The modeling consists of generating a reliable geometry
with the designed solution, and then mallaring it for its
simulation. The geometric model is realized in CATIA
software [14]. Figure 3 shows a conceptual scheme of
geometry generated.

——

Fig. 3 Model of INPHASE solution using CATIA

Once the solution is geometrically modeled, it is
exported to the Ansys Fluent energy simulation tool. The
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mesh is defined in the Meshing of ANSYS program [15]
(Figure 4).

Fig. 4. Mesh of INPHASE solution

The boundary conditions established in the CFD model
are the following:

-Adiabatic element on all sides except the wall in contact
with the interior space.

-Heat transfer by convection with the indoor
environment: Ta = 20°C and heat transfer coefficient h =
7.5 W/ m2K.

The model adopted for the study is k-epsilon realizable
and time step size has been defined in 10 seconds.

3.2 Thermal characterization of PCM

The two most commonly used ways to deal numerically
with solution of phase change problems are: "effective
thermal capacity” and "enthalpy" [16] .In the present
work, the solution of effective thermal capacity was
proposed.

The method of effective thermal capacity consists in
considering that the thermal capacity of the material is
variable with temperature. When the material is at the
temperature of phase change, the specific heat of the
material increases to a level such that the energy needed
to change the temperature in a AT is equal to the energy
necessary for the material to change phase.

Phase Change

Fig. 5. Characterization of thermal capacity as a function of
temperature for effective thermal capacity method

The modeling of behavior of the mortar layer and
microencapsulated PCM is based on solution of effective
thermal capacity and will consist of a curve of variation
of the specific heat of material as a function of
temperature. This curve will vary depending on amount
of phase change material that has been added inside the
mortar layer, according to figure 6:

kdi(kg-K)
]

(5]

’ _A
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Fig. 6. Model of mortar layer plus PCM

The mathematical formulation of the behaviour of the
phase change material is characterized as a variation of
the specific heat of the material as a function of the
temperature (T) is defined as equation 1.

Equation 1
(273.2<T<298) Cp(T)=ap+a; - T+ay - T*+a;- T +as-T*
(T>298) Cp(T)=f(%PCM)

The coefficients ao, a1, as, a3 y a4 are adjusted for a case
where the entire inner layer is formed by phase change
material (100% PCM) and extrapolation of these
coefficients to the analysis cases is done by multiplying
each one of them by the percentage of phase change
material corresponding to the case to be analyzed.

The specific heat of the material for temperatures higher
than 298 K is formulated in function of the PCM dosage
(-%PCM) as equation 2:

Equation 2
Specific heat of mortar=a5-%PCM+(1-%PCM)-CPM

Where as takes a value of 1.8 kJ/kg-K and CPM is the
specific heat of mortar and takes a value of 1 kJ/kg-K

Table 1. Influence of the PCM dosage percentage on the
conductivity of the mortar layer + PCM

% dosage PCM Conductivity W/mK
(mortar + PCM)
0 1.8
5 1.71
10 1.63
15 1.54

As shown in table 1, the PCM dosage percentage reduces
the conductivity of the layer composed of mortar and
PCM, therefore, it is expected in the results of the
analysis of the behaviour of the system a reduction of the
heat stored in the same.

4. Sensibility analysis

In order to analyze efficiency of the solution, a
sensitivity analysis is carried out based on the variation
of design and operation parameters.

Table 2. Variables for analysis of TABS solution
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Case Value

Inlet water temperature Tw
[°C]
Dosage of PCM in mortar

(30, 35, 40, 45)

slab D [%] (0, 5, 10, 15)
Duration of charge period P | (6, 8, 10)
(h]
Distance between tubes S 8, 10, 12)
[cm]

1 charge per day
Duration of cycle | /1 charge per
(charge/discharge) two days

These parameters (table 1) represent main variables that

affect thermal performance of the proposed solution,

beyond traditional variables and features (transmittance,
resistance etc...).

Each of the described cases will be analyzed from

efficiency of charging / discharging process. This

variable will be obtained from relationship between
stored heat [kWh / m? facade] and maximum storable
heat [kWh / m? facade].

Efficiency is analysis parameter of INPHASE system

and represents efficiency of the element as a regenerative

exchanger.

To calculate the stored heat, the following variables are

computed in the stabilized cycle:

- Heat stored in the concrete and mortar layer is
calculated using definition of enthalpy. Heat stored
between states is enthalpy difference between states.

- The heat in the mortar layer and phase change
material is calculated from definition of
mathematical formulation of enthalpy (Cp(T)).

- The total stored heat will therefore be sum of heat
stored in the concrete and mortar.

- The maximum heat potentially stored in concrete is
defined as that in which the entire mass of concrete
is able to reach the inlet temperature of the water
that is circulated through the pipes. Likewise,
maximum heat potentially storable in the mortar will
be calculated from the enthalpy variation between
the water inlet temperature and the reference
temperature.

The results obtained by simulation of the described

solution are shown below.

4.1 Results

As an example, temperature results are extracted for the
average case of a solution dosed with 10% PCM, 10cm
distance between tubes, charging at constant 40°C during
8h and discharge of 16h (daily cycle). Upper part of
figure 7 shows results of concrete temperatures and
lower part shows results of mortar zone.

The orange line corresponds to an average zone of the
exchanger, blue zone with entrance and gray area as core
of the same.

Fig. 7. Temperatures of concrete (top) and mortar (below).
Case: 10% PCM, S=10cm, P=8h and daily cycle

4.2 Effect of water temperature inlet

An increase in the temperature of the activation water
from 30°C to 45°C implies an increase in the stored heat
and the maximum possible heat to be stored. This
implies a process efficiency that varies according to
figure 8. In this figure an increase in efficiency of
approximately 7% is observed in the first 5°C of water
heating and an increase heat stored in the concrete layer.
This has been obtained as the specific heat of the
concrete by the average temperature difference of the
same and a progressive but smaller increase from this
temperature.  The  efficiency is very stable
(approximately 50%) for water inlet temperatures higher
than 45°C.

60%

50%
40%

30%

Efficiency (%)

20%
10%

0%
30 31 32 33 34 35 36 37 38 35 40 41 42 43 44 45

Water temperature (2C)

Fig. 8. Variation in storage efficiency with water inlet
temperature

4.3 Effect of PCM dosification

An increase of the PCM dosage does not imply an
increase of the stored heat, since the phase change of the
material is not reached. As can be seen in figure 8, the
temperature at the end of the discharge / start of the
charge has a value of 24.1 ° C, not achieving the use of
the latent heat of this material.
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Fig. 9. Evolution of temperatures in a daily cycle.

Likewise, incorporation of phase change material to the
proposed solution, increases maximum possible heat to
be store. So, efficiency varies according to Figure 10.
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Fig. 10. Variation of storage efficiency with PCM dosage

According figure 10, if solution has 15% of PCM in
mortar layer, it will have an efficiency lower than case
without PCM. It is caused by not exploitation of latent
energy and reduction of thermal conductivity.

4.3 Effect of tubes distance

This section show effect of distance between tubes. For
that, it has been choiced the next case: cycle of 24h (8h
of charge and 16 hours of discharge), 10% of PCM
dosage and 40°C of inlet temperature.

An increase in distance between tubes implies a slight
decrease in stored heat. Figure 10 shows this result.

60%
50% _‘—*\——___\______1____‘
20%

30%

Efficiency (36)

20%
10%

0%
8 9 10 11 12

Distance {cm)

Fig. 11. Variation of efficiency in function of distance
between tubes

According figure 11, a efficiency reduction of 6% is
observed by increasing distance from 8 cm to 12 cm.

4.4 Effect of discharge period duration

The following study aims to analyze influence of
activation system versus effective activation for
expotaitation of phase change materials. But, it has to
avoid high cost Solutions or forced vents. That is to say,
how it is posible to maximize exploitation of solution.
However, it also shows the need to provide adequate
control in the operation of the system to maximize the
exploitation of the advantages of the latent energy stored
by the PCM material.

As shown in Figure 12, an increase in charge period
from 6 to 8h does not imply changes in efficiency.
However, after 8h, an increase in charging time implies a
slight reduction in stored heat and a reduction in
charging efficiency of approximately 5% from 8 to 12h.

60%

50%

40%

30%

Efficiency (36)

20%
10%

0%
6 7 8 9 10
Charge time (h)

Fig. 12. Variation of efficiency in function of duration
charge period.

Next paragraph analyses one charge per two days. The
need for this study is linked to knowing how the TABS
operating parameters vary if it is loaded from a
removable source of the day. Besides, it supports the
detected result in figure 9.
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The influence of cycle duration for a constant load of 8
hours is shown below. Case 1D (figures 12, 13, 14 and
15) represents the case of a cycle of 24h (8h charge and
16 hours of discharge) and 2D a cycle of 48h (8h charge
and 40 hours of discharge).

Figures 13, 14, 15 and 16 show an increment of
efficiency of 20% when duration of cycle is two days
(one charge by two days).

This is due to explotaition of PCM latent energy (full
solidification during discharge period). Because it is
possible to use latent energy in two-day cycles, since
temperatures are reached at the end of the discharge /
load start of 21.4 ° C.
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Fig. 13. Variation of efficiency in function of inlet water
temperature — Cycle 2D
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Fig. 14. Variation of efficiency in function of % dosage of
PCM - Cycle 2D
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Fig. 15. Variation of efficiency in function of duration
charge period — Cycle 2D
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Fig. 16. Variation of efficiency in function of distance
between tubes — Cycle 2D

5. Application: use of performance
tables

The CFD  methodology used has allowed
characterization of the TABS solution proposed based on
an efficiency parameter. This parameter of efficiency
allows to know heat released by element towards indoor
space. Then, indoor temperature can be obtained from
this heat of conditioning. For this purpose, method
proposed by Julian et al [17].

Figure 16 shows an example of a residential dwellings
located in Seville. For this purpose, the coefficients of
models have been previously identified using simulation
data, as explained in the aforementioned article [17].

To obtain heat provided by the solution, a water
temperature of 35°C has been assumed during a period of
variable loading. This charging period has been
characterized through simplified simulation of a low
temperature solar thermal installation using the fchart
methodology on a daily basis [18].

The evolution of temperature in free running conditions
(indoor air temperature — orange in figure 17) is obtained
from simulation. Furthermore, figure 17 shows heat
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discharged into space by the inphase solution (yellow),
outdoor temperature (green) and resulting indoor
temperature (blue).

Resulting Indoor

/lemperature
AEITIRIA L ey Y, W A {

Free-running -+
temperature
Discharged heat

/ from innovative
solution

Fig. 17. Example of application

These results have allowed to characterize the solution
with a regenerative exchanger efficiency. From it, it is
possible to obtain heat that would be discharged into the
air of the adjoining space, and therefore be able to relate
it to the reduction of consumption. This simplified
efficiency model is dependent on design parameters of
the exchanger and operating parameters with which the
cycle is operated.

Finally, the new comfort indicators can be obtained in
the dwelling or, failing that, and as has been said, the
obtained savings achieved.

6. Conclusions

Thanks to the results obtained, following considerations
can be outlined for future design and implementation of
this solution:

- Due to insulation of building, interior temperatures
of solution are very similar to indoor setpoint
temperatures.

- Optimal design of solution
meteorological conditions. Then:

» If it is designed for winter (phase change
temperatura around 24°C) and it is going to
use it in summer in dissipation mode, PCM
would only have sensible heat.

= If it is designed for summer (phase change
temperature around 20°C), it would only
takes sensible contritubion of PCM during
winter.

- It shows that additional cost involved increment of
PCM dosage is not interesenting. It is due to low use
of latent energy in daily cycles.

- Cycles of duration greater than one day reduce
dependence on renewable resources.

- The dosage of PCM in the mortar is interesting in
cycles over one day. In view of the results, good
design must take into account points before.

Currently, experimental prototypes are being worked on

through which to validate the results presented in this

publication.

depends  of
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