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Summary

Energy consumption is more and more topic of a variety of research. Especially in the built
environment a lot of energy is used and thus a lot of potential energy reduction is possible.
Unfortunately the reduction of energy demand often decreases the indoor climate comfort of a
building.

With the introduction of Phase Change Materials (PCM) into the concrete, both factors can be
influenced. PCMs increase the heat absorption of a wall what results in more heat capacity in a room
which can be used during periods where a shortage of supply is present. In this way the energy
consumption is lowered for the HVAC installation.

Secondly the PCM can be introduced to compensate for bigger or brighter windows. A lager amount
of sunlight can be accepted in a room because the PCM captures the heat to release it during the
night instead of an extra HVAC installation to keep the room in a comfortable range.

The introduction of PCMs into the concrete is done in two ways. First the sand from a standard
mixture is replaced by the PCM particles. Secondly the PCM is impregnated into lightweight
aggregate particles and a mix is made with this impregnated and not impregnated lightweight
particles.

During this study, research is done to the consequences of introducing PCM into the Concrete
mixture. Since the PCM is added to the structural concrete the newly found mixtures are
investigated for their structural and thermal properties. Exception is the mixture made with
lightweight aggregates. Here only the air is replaced with PCM and therefore the theorem is adopted
the strength does not change with the addition of PCM.

The mixtures in which the sand is replaced by PCM are tested for their resulting strength. This is
done first by building mortar prisms of the different PCMs and tested for their compressive and
flexure strength, secondly there are some cubes made with the PCM and tested for their
compressive strength.

The result of the mortar prism test was a general drop in strength when sand is replaced by PCM.
When adding more than 5 Vol.% the compressive strength drops with over 50%. Besides the
strength problem, also the workability with more than 10 Vol.% was bad. The mixture became very
dry or very wet depending on which PCM was used.

With the knowledge gathered from the first test and with the results from several articles which say
the best place for PCM’s is in the top layer of the concrete, a new test is done with concrete cubes.

These cubes exist of a layer of PCM-concrete and a layer of normal concrete. After building this dual
layer cubes, they are tested for their compressive strength by executing this test on the side where
both layers are visible. This shows the main strength for this dual layer concrete wall is just one class
below the expected strength when no PCM is used.

Here can be concluded that for the strength it is important to place the PCM concrete on a strategic
place in the room to keep the strength of the structure as high as possible.

With the strength measurements done the thermal qualities are tested. This is done by making PCM
concrete samples with several thermocouples in it to measure the temperature distribution through
the concrete.




These samples are than placed in a semi-adiabatic surrounding and heated from one side. This
heating is done in two ways. First three heating cycles between different temperature ranges are
applied to the samples to find the thermal diffusivity for the three areas, and a 24 hour temperature
cycle is applied to get a simple simulation of a day.

The results of the diffusivity measurements show the thermal diffusivity is much lower around the
melting range than before the melting range, what was just like expected. Interesting is the fact that
the thermal diffusivity stays lower during the higher temperatures above the melting range.

To explain this phenomenon, several possibilities were investigated. The outcome was that most
likely the moisture in the sample made some shortcuts in the lower temperature ranges. Another
important reason was the heterogeneous mixture what made the heat flow through the material
without first completely melting the PCM during its way through the sample.

The results from the temperature measurements of the day cycle shows the BASF versions give a
clear melting point around 26 degrees. The Salca versions do not show a clear melting point. But also
results in lower peaks and the samples with PCM al show a slower raise in temperature. The filled
lightweight versions showed a similar effect as the samples with PCM from BASF in it.

After the performed tests, several conclusions can be drawn. First the strength of the mixtures drops
rapidly by the replacement of the sand by PCM. But by combining layers of PCM-concrete with layers
of concrete without PCM, the strength decrease can be kept to a minimum. In this way it is possible
to implement PCMs into the building environment with the use of prefabricated concrete parts.

The thermal properties of PCM-concrete are the most interesting of the properties. Here the specific
heat is increased by the addition of PCM and this is shown by the lowered thermal diffusivity of the
samples. Also the peak temperatures are lowered, and the difference over the samples show there
is more heat needed to heat up the sample.

Although there was an improvement on the thermal consequences of PCM-concrete, there can be
concluded the chosen melting point was too high. Afterwards the PCMs were not completely melted
during the measurements. This shows the speed of the reaction of PCMs is very slow and should
therefore be activated long before the maximum allowed temperature is reached in a room.
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1. Introduction

Since the 1940’s so called Phase Change Materials (PCM) are
studied because of their great latent energy storage capacity. A
wide range of applications is studied. Especially the energy Share of energy consumed by major
problems of today are a big activator in the search for more sectors of the economy (2007)
energy efficient buildings. Figure 1 shows the energy
consumption by the build environment which is about 39%. This
gives a lot of potential to save energy for example by the use of
PCMs.

Transportation

In different studies the PCMs are studied while used in an active
system as well as passively applied in a building.

In an active system the PCMs are used in a controlled storage E ealdential c°“;:‘;’°'°'
. . .. esidentia
container where the storage temperature is optimized for the 21%

melting temperature of the PCM.

Passive use means the PCMs are placed in a room and are not

controlled.V\./hlch means the natural energy .fI.ow is responsible Figure 1: Energy demand per sector

for the efficiency. For example a lowered ceiling made of PCM- (http://www.clearpathsus.com/articles/b
plates only stores and releases the energy latently when the room uildgreen.htmi,

temperature is in the range of the PCM.

Although PCMs are often studied, the application of the PCMs has still not been a success in the built
environment. This is mainly because of the high costs of the PCM and the hard to predict benefits.

In this study is focused on the passive application of PCMs. The advantage of passively used PCM, no
controlling system is present which could break down during the lifetime of a building. The absence
of a controlling system makes the application a lot cheaper. Not only because of the maintenance
cost but also the energy needed to make the control system work.

A disadvantage of passive use is the inability of users to influence the behavior of the PCM. This
means if the PCM does not meet its energy saving properties there is no other way than add extra
energy using systems to a building to reach the desired indoor climate.

In this study the PCMs are applied in concrete so the PCMs are available the whole lifetime of a
building, because the concrete is mostly used structural. Again this could be financially interesting
because the PCMs only have to be applied once in a building during its lifetime.

Besides the energy saving possibilities of the application of PC-concrete in a building, the PCM-
Concrete can also offer another advantage. By the application of PCM-concrete in the room more
heat can enter the room without a change in the indoor climate. This results in more freedom for in
the building design to apply bigger, more or brighter windows.

The goal of this study is to optimize the use of PCM-concrete in a room. The PCM-concrete is studied
for its structural and thermal benefits and drawbacks to determine its behavior.

From this knowledge can be determined if and how well the application of PCM-concrete can be
used to give extra freedom to the architect.



http://www.clearpathsus.com/articles/buildgreen.html
http://www.clearpathsus.com/articles/buildgreen.html

2. Vision

In today’s building environment the optimization among comfort, health and energy-consumption
becomes more and more important. Rising energy-prices, increased comfort demands by the users
of the building and better regulations are all incentives to improve these factors.

Especially the energy saving possibilities was reason to introduce Phase Change Materials (PCM) into
the building environment. PCMs make it possible to store energy for a short period of time. The PCM
stores energy by its phase change, the phase change requires heat; so-called latent heat. This heat is
absorbed by the material and does not result into a temperature rise of the material itself as long as
the material has not fully changed its phase.

Using PCMs, heat is absorbed by the building environment. This means more heat can enter the
room without a temperature change. Since it is absorbed; the heat is used later in time when more
heat is needed to keep the room within a desired temperature range.

If more heat is allowed into the room more architectural options are possible to improve the health
and comfort of a room. For example increasing the window size or get rid of the sun blocking
coatings without increasing the temperature of the room. The larger windows and brighter natural
light into the room improves the view increasing the comfort and well-being of the persons inside
the room. The extra light can also lower the demand of artificial light decreasing the energy demand
of a building. Mayhoub and Carter (2011) describe the advantage on the efficiency of employees
having a good view and a lot of sunlight in a room.

With the introduction of PCM it is possible to passively improve a building on all three mentioned
factors; energy consumption, light and temperature. But to maximize the advantages it is important
to know how to use this PCMs and what the limitations are. This research aims at getting knowledge
about the efficient use of the PCMs.

3. Problem definition

Past research shows the costs of PCMs are too high to be economical viable for use in the building
environment. Furthermore the quantitative effect of PCMs on the energy efficiency of a building is
hard to predict, this makes an investment an uncertain enterprise.

In this study the PCMs are placed inside architectural loadbearing concrete. The goal of this research
is to make the volumetric blend of concrete and PCMs as efficient as possible. Therefore an enquiry
of the parameters that are influencing the architectural efficiency is needed. These parameters are:

e The type of PCM: efficiency depends on chemical and physical properties of the
different types of PCMs.

e The amount of PCMs in the concrete: more PCMs mean that more energy can be
stored in the PCM-concrete mixture.

e The distribution of the PCM in the walls: the absolute amount of PCMs per square
meter of concrete wall.

e The measured changes in heat capacity of the PCM-concrete mixture: the amount of
energy a PCM-concrete mixture, with a certain density, absorbs compared to a
standard concrete.

e The changes in temperature penetration: heat needs time to penetrate the wall to
activate the PCMs. There is a maximum amount of energy that can be transported.
This limits the efficiency of the mixture.




By knowing all these parameters it is possible to predict the behavior of the PCM-concrete mixture.
Using a simulation-tool it can be determined what possible thermal improvements can be made to
the PCM-concrete mixture, and how the placement in a room can influence the efficiency of the

mixture.
The study is limited to a passive implementation of PCMs, so the effect relies only on natural effects.
The focus during this study is on the following questions:

e What is the best performing PCM-concrete mixture?
o What is the effect on its strength?
o What is the thermal diffusivity of the mixture?

By the use of multiple practical tests these questions are studied.




4. Literature study

To apply Phase Change Materials, knowledge has to be gathered about the way heat is stored and
which materials can be used, considering their advantages and disadvantages. Sharma et al. (2009)
published articles about this subject and their papers are used for this research. In the next chapters
a discussion will be given about the different theoretical parts of this research. First an overview will
be given about latent heat storage. Second information is given about concrete and the PCMs
available. From there the criteria for the use of PCMs in concrete are set.

4.1. Theory of Iatent heat

In a normal situation heat is absorbed by a
material and thereby rising the temperature of
the heated subject to a certain extend. Supplied
heat that affects the temperature of the
material is called sensible heat. Another option
for a material to absorb heat is by latent heat.
Here the energy is absorbed by a phase change
of the material for example; melting. The heat
can be released by changing the material back
into its previous stage; a crystal. Possible phase
changes are displayed in Figure 2. Not only the
transition from solid to liquid is displayed but
also the transition from liquid to gas and from
solid to gas. In every phase change, the same
phenomena take place but at different
temperatures and with different amounts of
necessary energy.

A clear example for these phase change
phenomena is water. Figure 3 shows the
absorbed energy or enthalpy graph of water.
From A to B water is in a solid, ice, state. When
energy is added the temperature rises, hence
sensible heat is supplied. At point B the ice
starts to melt and the temperature does not
increase anymore. At that moment the energy
is absorbed without temperature change and
the heat is absorbed as latent heat. Once the
ice is fully melted the temperature starts rising
again if any energy is added, this means the
heat is stored as sensible heat again. The
energy needed to change from the solid phase
to the liquid phase is called the heat of fusion.
It is expressed in Joule/kg. If water reaches its
boiling temperature (at point D), a similar
process takes place. But this time water changes
from the liquid-phase to the gas-phase.
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Figure 2 Phase transitions a material makes when
heated or cooled
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Figure 3 Energy needed for water to increase in temperature

The explanation for the phenomenon of latent heat lies in the change of the position of the
molecules. Figure 4 shows the three phases and corresponding positions of the atoms of a material.
At a low temperature (bottom of Figure 4) the material is solid, and here the molecules are bound to
an organized crystalline structure. For the second stage, the liquid phase, the bounds between the
molecules are broken. This process costs a lot of energy supplied by the latent heat. The third stage

——
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is the gas-phase; again the bounds that now exist, Van der
Waals forces, have to be overcome. This means the
molecules get even more freedom to move, and therefore
also the molecular volume changes.

For an explanation it is necessary to know which forces are
present. First there is the repellent force between the
positively and negatively charged parts of the atoms. The
second force is the attraction force between the negatively
and positively charged atoms. In the solid state the attraction
energy between the atoms is larger than the repellent
energy; therefore the atoms are positioned in a crystalline
structure. When the temperature rises, the repellent energy
becomes lager than the attraction force; hence they are no
longer trapped in a fixed structure, resulting in a free
movement of the molecules. The energy needed to eliminate

the crystalline structure between the molecules is the latent Figure 4: moleculair states of gas, fluids and
heat. solids.

In the built environment this theory of sensible and latent heat also applies. The different
components of a building absorb energy given their specific heat (C,) of the several materials and
their masses (volume x density). If there is more material-mass or volume available in a room, more
material needs to be heated; therefore the room will heat up more slowly. In a normal building all
construction materials are solid and will not change phase during regular working conditions,
therefore the heat is always stored as sensible heat. The melting point of PCMs is within the
temperature range of a normal building. Therefore the use of PCMs will increase possible energy
storage without increasing the temperature, since a PCM is more likely to absorb the supplied heat
as latent heat.

Using PCM in architectural materials means an improvement of the heat absorbing capacity of the
used materials in a room. With the added PCM the heat absorption becomes higher around a
specific temperature, hence the melting point of the PCM.

4.2. Concrete
In this research the focus is on implementation of PCM-
concrete in the building environment. This means the
design of a building does not have to change, but only
the material it is made of. Therefore knowledge has to
be gathered about the properties of concrete.

Concrete is a material commonly made of four
components: cement, water, aggregates and additives.
Cement is the bounding element that is activated by
water. This bounding element keeps the aggregates
together. Figure 5 shows the aggregates, stones,
bounded by the cement.

Figure 5: Concrete structure

Aggregates can be of different origin. In today’s Dutch
concrete, this ingredient is made from sand and gravel. But this is different for other countries. Also
more and more concrete is made use of elements with a lower density like expanded clay.




Cement is the binding agent of the concrete and can be made of pure Portland cement, blast furnace
cement or fly ash cement. Table 1
shows the basic molecular elements

of Portland cement.
Table 1: Cement ingredients

The last component of concrete is the Minerals of portland
additives. This group mostly exists of tricalciumsilicaat 3Ca0.Si02 CsS
plasticizers or colors. With the dicalciumsilicaat 2Ca0.Si02 C.S

addition of materials from this group

. . tricalciumaluminaat 3Ca0.Al203 CsA
the standard hydration process is

tetracalciumaluminaatferriet 4Ca0.Al203.Fe203 C,AF

influenced. This way it is possible to
make special concretes or to keep the
fresh concrete longer process able
when the different elements are mixed, water and cement start to react. This is called the hydration
process. The different elements of cement forms Ca(OH), by the following reactions:

2(3Ca0.Si0,) + 6 H,0 = 3Ca0.2Si0,.3H,0 + 3 Ca(0OH),
2(2Ca0.Si0,) + 4 H,0 - 3Ca0.2Si0,.3H,0 + Ca(OH),
These are the so called C-S-H or Calcium-silicate-hydrates.

If this reaction is interrupted by other elements the characteristics of the fresh concrete can be
negatively influenced. For example if some of the elements react with elements that do not belong
to the reaction, this reacting element does not react with the concrete elements anymore. This
Results in less structural elements in the concrete.
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4.3. Phase Change Materials

Every material shows a phase transformation from solid to liquid at its melting point or during its
melting range. In fact every material can be denoted as a phase change material. The suitability of
certain materials largely depends on their thermal properties like their melting point (T,,) or melting
range and the amount of latent heat necessary to achieve a full phase change. PCM that can be used
to store heat in the building environment, hence have their melting point in the temperature
operating range of a building, can be divided into three groups. These three groups are shown in
Figure 6 these groups are further divided into several subgroups.

PCMs

[ Organic J [ Inorganic ] [ Eutectics ]
\ l v

Non-Paraffines

\

Salthydrates Organic / Organic

——

\ )
Y N\
N

Inorganic / Organic

.\ )

Inorganic / Inorganic

Figure 6 Categories of Phase Change Materials (Sharma et al., 2009)

As can be seen in Figure 6, PCM can be divided into three main groups: organics, inorganics and
eutectics. The organic materials are a subcategory of the chemical alkane family and are also known
as paraffins. Paraffins have a general molecular formula of the type CH;(CH,),CH;z in which n is an
integer and denotes the paraffin chain length. Its melting point depends on the chain length (n).
Non-paraffins typically have functional groups attached to their base paraffin molecular chain.
Inorganics consist of compositions of salt hydrates or metallics. Typically the salt hydrates are
formed by hydrating a blend of metallic and non-metallic (salt ion) components. The third category;
eutectics are formed by a mix of organic and/or inorganic materials creating the possibility to
combine the optimal organic or inorganic properties. The study and use of eutectics is relatively new
and shows promising results for the future. In the following paragraphs the three groups of PCM are
explained in more detail.

4.3.1. Organics
Organic materials are separated in paraffin and non-paraffins and are based on carbon molecules.
From here they are discussed separately.




Paraffins
Paraffins have a general molecular formula: CH; (CH,), CH; with n the integer to denote the chain
length. Most paraffin PCMs are made of technical grade paraffins. A technical grade paraffin is a
paraffin with a little contamination in it, but has about the same properties as its pure version but is
much cheaper.

Paraffins are available in a large range of melting temperatures. The melting temperature and the
size of the heat of fusion depend on the chain-length making it easy to build the right paraffin.

Furthermore the paraffins have a very congruent melting and freezing process which means they
freeze and melt rapidly without phase segregation. They are also self-nucleating, meaning they form
the new crystalline structure quickly so no super-cooling of liquid phase material is present. Final
note regarding paraffins is that they are inert to reaction with other material and have a low electric
conductivity. On the downside, paraffins are flammable justifying its use in candles.

Non-paraffins
Non-paraffins have a similar molecular base as paraffins but parts of the H-molecules are replaced
by another group of molecules, for example fatty esters, alcohols and glycols. They also have a high
heat of fusion and a low conductivity. Furthermore they also do not suffer from segregation.

Besides its toxicity another negative characteristic of non-paraffins is their high flammability. Also
this material is less economical viable since it is about two to two and a half times more expensive as
technical grade paraffins.

4.3.2. Inorganics
Inorganic material consists of two sub groups: salts and metallics.

Salts

Salt consists of a blend of metal and non-metal atoms, creating a lot of possible molecular
combinations and therefore a lot of different types of salt. These salts all have different
characteristics creating a lot of different PCMs with different melting points. Usually these PCMs
have a high heat of fusion and a large heat conduction, almost twice as large as organic materials.
Furthermore they are not flammable. A big difference with the organic materials is that the salt does
not actually melt; it hydrates and de-hydrates. In order to have a congruent process there need to
be enough water molecules available in the surroundings.

Another property of salt is its poor nucleation, therefore super-cooling arises. This can be solving by
the use of nucleating agents, they can help to minimize this effect.

From an economic point of view salts have a great advantage. Salt is a very cheap material and is
largely available. Therefore this material is investigated extensively.

Metallics
This type of material has not been researched extensively for use as a PCM even though it has its
advantages. These advantages are its high thermal conductivity and the low necessary fusion heat.
On the other hand, this material has a high density resulting in unnecessary weight increases.
Furthermore it is expensive compared to the other possible materials that can be used as a PCM.

4.3.3. Eutectics

Eutectics are formed by a mix of organic and/or inorganic materials. Using eutectics the advantages
of organics and inorganics can be combined. One of the advantages of this combination is a well-
defined melting point instead of a melting trajectory. Unfortunately eutectics are relatively new; a
lot is unknown about the possibilities of the material, creating a disadvantage.
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4.4. Criteria for the PCM to use in concrete
When PCMs are introduced into the concrete, there are several requirements that have to be taken
into account.

First the introduced PCM should not interact with the hydration process of the drying concrete. This
could negatively influence the strength of the mixture.

Second, the PCM should have a melting point within the temperature operating range of the built
environment. This temperature range is between 19 and 30 degrees Celsius. If the melting point lays
outside this range heat is stored as latent heat when the room is already uncomfortably hot or cold.
A last requirement regarding the melting behavior of the PCM is that it should melt congruently and
without super cooling.

A third criterion is the total heat of fusion this is the total latent heat that can be stored in the
material when it transforms from solid to liquid. The more heat can be stored the larger the time
delay becomes between the start of the heat supply and an unwanted temperature increase.

The last major criterion is the speed of adaption of the PCM; especially for a passive system this is
important. Heat has to enter the PCM as quickly as possible, meaning the thermal conductivity has
to be high. If the PCM would suffer from a low thermal conductivity this would create a barrier for
the heat to enter the PCM. In that case a large amount of heat will be stored as sensible heat in the
concrete instead of latent heat storage in the PCM, which is not beneficial.

The last notable factors are: chemical stability, non-flammability and degradation characteristics.
Due to fire safety the flammability should be kept to a minimum. A chemical stabile material means
it would not react with its surroundings; therefore the PCM should be inert to the materials it
contacts.

Table 2 shows the resulting advantages and disadvantages for every type of PCM-material.

Table 2 Selection criteria for Phase Change Materials

Selection criteria for latent heat storage materials Organic Inorganic Eutectic

+

- Melting temperature in the desired operating temperature range
- High latent heat of fusion per unit volume

- High specific heat, high density and high thermal conductivity

- No super cooling

- Chemical stability

- Not-flammable

- No degradation

1
+ + +
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4.4.1. Encapsulation
To tackle some disadvantages of PCMs and to widen B LT
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encapsulated materials are mixed with another
material, the PCM will not influence the material it is
mixed with. Furthermore salt hydrates will not turn to
a lower grade hydrate since the water is captured in
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Figure 7 Macro encapsulation
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the encapsulation. This means salt hydrates also become interesting for the implementation into
concrete.

Generally speaking there are two groups of encapsulated materials.
The macro encapsulated group and the micro encapsulated. Macro
encapsulated materials are captured in containers like the
examples in Figure 7.

Micro encapsulation is the encapsulation of just a few molecules in
a polymer container. This gives a powder that can easily be
implemented in construction materials like concrete. Figure 8
shows a powder that is made of encapsulated PCMs. This is
nowadays used in a gypsum board to enhance its heat storage
capabilities.

Figure 8: Micro encapsulation

With the encapsulation a new review of the PCM-groups is needed
and given in Table 3.

Table 3: Selection criteria for latent heat storage materials

Selection criteria for latent heat storage materials Organic Inorganic Eutectic
- Melting temperature in the desired operating temperature range + + +
- High latent heat of fusion per unit volume - + 0
- High specific heat, high density and high thermal conductivity - + 0
- No super cooling + 0 +
- Chemical stability + 4 0
- Not-flammable - + 0
- No degradation + + 0

With the encapsulation the salt hydrates become an interesting option. They can handle the heat
quicker and store more energy. Besides these two advantages this material is environmental
friendly.

Combining the information of the several PCM possibilities and the set requirements for application
in the built environment the choices for PCMs were made. For this research an encapsulated salt
hydrate and encapsulated paraffin.

4.5. Earlier research
In the literature a lot of research is done to the use of PCMs. A brief summary is given first; from
there the focus is on passive use of PCMs installed in concrete.

The first article is written by Telkes (1940) around 1940, they investigated the use of sodium sulfate
decahydrate to store solar energy. This paper started the focus on implementing PCMs in the built
environment.

The last twenty years more and more studies have been done because of the demand for energy
savings in the built environment. Four groups can be distinguished: PCMs in combination with free
cooling, PCMs for peak load shifting, PCMs in active and passive building systems.

When PCMs are used in combination with free-cooling, the low night temperatures are utilized to
cool down the PCMs which are placed in the ventilation system. During the day the hot air passes
the PCMs and its heat is absorbed by the PCMs. Medved and Arkar (2008) studied the cooling
potential of this utilization of PCMs. The efficiency depends on the amplitude of the ambient air
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temperature over time. A large fluctuation in ambient temperature means there is a high energy
flow that can be stored and released by the PCMs, hence a high utilization and therefore efficiency.
The researchers also found out that the melting temperature of PCM has to be around the average
room temperature for an optimal result.

A different way of using PCMs is the so-called peak load shifting. During the day a building has to be
cooled by the air-conditioning system, therefore the demand for electricity varies significantly over
day and night. By using PCMs the peak energy demand can be delayed to a more off-peak moment
since it stores the heat that would be eliminated immediately by the cooling system in a normal
situation. The heat storage in the PCMs still means the air-conditioning has to eliminate the heat but
the cooling process can be shifted to a later moment in time. Thereby profit can be made by the
lower prices for electricity in for example the evening. Big financial reductions are possible as proven
by Kondo and Ibamoto (2006).

Another way of using PCMs is in an active system. Here the PCM is mostly used as a storage unit. An
example of this way of usage is shown by Kaygusuz (2009) who built a heat storage from CaCl,.6H,0.
This gives a large energy storage capacity in
a small space. A lot of other variations and
combinations were mentioned by Zhu and
Zhenjun (2009).

The last and most important group of
studies for this thesis is the application of
PCMs in a passive building system. Here the
latent heat storage capability of a PCM is
used to reduce the energy consumption of
a building. By various simulations and
experimental studies the advantage of the
PCMs in the built environment were
proven, every study with a different result.
This shows the complexity of predicting the
behavior of PCMs in the built environment.

Several possibilities were used to
implement PCMs in the built environment.
Some of the examples are plates of PCMs
and also gypsum boards with PCM in it. 34

.I PCM -
“ ] /p\ \q/wuh PCM /;\
|

36 - closed
Without windows

Also there are plasters on the market with 3 ;
PCM in it and another option is the w /1.’ \ /,/\\ /I:’r \
implementation of PCMs in a concrete :’:_: 30 \\ /!. \ /I," \ ; \
structure. < 28 '\ 1/1 \ [/' \ ; ‘
B . . & 2 \ : AN \ [/ \\\
ecause the focus of this study is on the = \\ /]‘ \*. l \". / \\
implementation of PCMs in concrete, only -2 3 X7 t %
the relevant articles are discussed here. 2 \V/ \V/ \\/] \\,
Three ways of implementation are used. 20 m T )

04/06/2005 0:00 05/06/20050:00 06/06/2005 0:00 07/06/2005 0:00
DATE

is done by Hawes (1992). In this case the Figure 10: Temperature measurments in a PCM-concrete building
Concrete blocks are emerged into the PCM

and because of the porosity of the

The first is impregnating the concrete. This
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material, it is filled with PCM. Advantage of this way of impregnating is the strength is not
influenced. Disadvantage is the possibility to leak and the limited amount of PCM that can be
impregnated.

The second way is using microencapsulated PCMs that are implemented in the concrete mixture.
This is done for example by Cabeza and Leppers (2007). In this case it is possible to implement more
PCM into the concrete and leakage can be prevented. The strength however is negatively influenced.
Figure 9 shows the concrete structure in which several walls are made from PCM-concrete. Figure 10
shows the temperature curve of the inner temperature of the room with and without PCMs. There is
a clear difference in peak temperature and also the time it takes to reach the peak temperature is
different.

Entrop and Hunger (2009) investigated
Concrete with the same microencapsulated
PCMs as Leppers. They not only looked at the
mechanical and thermal properties, but have
also investigated the behavior of the PCMs in
the concrete. One of the problems with
PCMs in concrete was encountered during
the mixing of the concrete. The capsule in
which the PCM was encapsulated was not
resistant against the mixing procedure and
the alkaline environment of the fresh
concrete.

The last option is impregnation of lightweight
aggregates. This option is used by Zhang
(2004).

Here the aggregates are impregnated under
vacuum, and the filled aggregates are used in
the concrete mixture as a replacement for a
part of the normal aggregates. This means
the strength stays the same as the standard
lightweight concrete, and the thermal
properties are improved. Another advantage
of this way of implementing is the absorption
of heat already takes place during the curing process. This has a positive influence on the strength
the concrete reaches. Figure 11 shows some lightweight aggregates that are filled with PCM. The
result of the built concrete is enhanced energy absorption of the concrete

314 - . 4548 47 48 4o b0 B 82 WA
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Figure 11: Unfilled(left) and filled(right) leightweight
aggregates

In this research the last two implementation methods are investigated. Because the strength of
concrete is a very important factor, the versions with the implementation by the replacement of
sand are also investigated on their strength, and their influence on the hydration process.

4.6. Simulations from Iiterature
Over the last years not only practical tests are done. Since the computer becomes more and more
advanced, simulations become a more important factor in research. With the use of simulations it is
easier to look at the behavior of PCM in the built environment.
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Nowadays there is a wide range of program’s that can be used for simulations, for example ESP-r,
Comsol and TRNSYS. It is important when PCMs are integrated in a simulation, the transient option is
chosen. Only that type of simulation is capable of implementing the heat absorption, what is the

main factor for PCMs.

Because of the wide range of articles about simulations of PCM, in this chapter, only simulations

with  PCMs applied in

building parts are -
discussed. 20 ~ I~V \ N,
- ] i S 1 | )

. . £ [ | I i ] 1 N
Heim (2004) has simulated Z o ] | Tenont i1 i ]
a room with walls covered £ Jf Fr . I'ﬂ .'n., |'1
with a PCM-gypsum layer. - I ri A il | \ |
He showed a significant 5 j’g__
effect on the indoor o

temperature and the Ju] 31 G2 a3 1:4"E[du1::iﬁ 186 217 248 2m
influence of the melting
temperature.  Figure 12 Figure 12: Utilisation of the PCM during the summer period for different melting
shows the utilization of the tempertures.
PCM with a certain melting
temperature. 29 T
28 !ﬂ. T with PCM
Schossig (2005) shows the application of 2 i .’-«}‘l Al
PCMs in existing construction materials. = L L\,\__/_,y\ /3 /_\
Here a lightweight construction is simulated S i ]’ “\\\Jl “\{ Y A
o WRVR'AW, I 7
where plates with integrated PCMs are gzz YR W\ . A1 Y
used. This is done by encapsulated PCMs . {f ’kv! ! 1\/’\1l /A\ // W
which are introduced in the building process 20| I \j I ( 17 N

of the plates. Figure 13 shows the indoor air
temperature of a room with and without

PCM. As can be seen the temperatures
above the PCM melting temperature of 26
degrees are significantly lowered.

Huang et al. (2006) placed PCM plates in the cavity of
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Figure 13: Indoor air temperature with and without PCM.

a wall. Here also improvements are measured

in the simulation. Especially the summer time showed a lower temperature in the room. Also he

showed it is important to look at the placement of
the plates. Even in the cavity it is important to place
the plate on the inner wall instead of the outer wall.

Kuznik (2008) focused on the influencing factors for
the efficiency and the optimizing of the thickness of
plates with PCM which are placed inside a room. The
factors that were taken into account were the
melting temperature of the PCM, the indoor and
outdoor temperature and the thickness of the
isolation in the wall. Figure 14 shows the impact of
the indoor temperature swing. A lot more energy is
captured in the PCMs when the swing is bigger. So
this shows it is important to have a certain
temperature swing to have advantage of the PCM.
Another interesting fact is there is an optimal
thickness of the PCM plates. It is useless to make an
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Figure 14: Energy absorption with different
temperature cycles inside a room.




infinite thick PCM layer, because not more energy is absorbed in the time the PCM is active.

Where Kuznik focused on the thickness and the outdoor influences, Zhou et al. (2009) focused on
the properties of the plates and where they are placed. This means the thermal conductivity the
internal convection of the room and again the melting temperature. Conclusions are the melting
temperature has to be close to the range the inner temperature has to be in. Also placing on the wall
should be the most efficient place but in this case the floor is covered with a wooden floor that
makes the PCM less efficient so it is not a very solid conclusion. Figure 15 shows the schematic view
of the room which is used for the simulation. The influence of the indoor convection is of big
influence because the energy is well distributed with a higher air speed.

° b
Ay ceiling
T | N
SSPCM ——L 1 north wall
| | | : | | | | | window

door

floor

Figure 15: Schematic building used for simulations.

The articles discussed show a clear indication that Phase Change Materials are able to improve the
indoor environment, but also shows there are a lot of influencing factors on the efficient use of the
PCM.

When a prediction is made by the use of simulation a wide range of factors should be taken into
account to find the influence of the PCM to the room or building. This makes a simulation a very
delicate exercise to perform.
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5. The structural performance of PCM-concrete

With the introduction of PCMs in concrete a new kind of mixture is developed with unknown
properties and because concrete is mostly used in a constructive way, it is important to know the
constructive strength of the material. In the Netherlands, strength tests are prescribed in the NEN
standards. Because of the comparability of the tests with other mixtures, the standard tests from
NEN are used in this research. Earlier research done by Entrop (2009), shows a decrease in strength
when the PCM is introduced into the mixture. One of the reasons for this decrease is the
replacement of sand. Sand is made from very strong silica which is replaced by a partly hollow shelf
which is not made from a similar strong material.

In this research two different PCMs are introduced into the concrete by replacing the smallest
particles of the sand with PCM. The strength is than tested by two kinds of tests. First the test as
described in NEN-EN 196, which is a prism test, and second a test as described in NEN 206-1 and
NEN 8005.

5.1. Strength test with prism samples

The first mixtures are produced and tested with respect to
NEN-EN 196. This test exists of small mortar prisms and is
completely standardized. Four percentages of PCM are
chosen to implement in the mortar prisms. Earlier research
(2007) showed that more than 20 Vol.% of PCM means
there have to be taken additional measures for a workable
mixture, this amount is chosen as the maximum amount of
PCM into the mortar. Table 4 shows the different mortar
mixtures, as also a reference mixture without PCM for
comparison. Every mortar mixture is produced three times
to guarantee a representative experiment.

Figure 17: Ingredients prism’s

The samples are built as described in NEN 196, and are
160 x 40 x 40 mm. The used materials are Portland
cement, sieved sand in fractions between 0.063 mm and 2
mm, water and PCM from Salca and BASF. Annex 1 shows
the details about the used materials. Figure 16 shows the
different ingredients before mixing, and Figure 17 shows
the mold which is used. As can be seen from every mixture
3 prisms are made in one mold.

Figure 16: Prism mold

Table 4: mixtures for the different PCMs

Mixtures M1 M2a M2b M2c M2d M3a M3b M3c M3d
Vol. 3% 5% 10% 20% 3% 5% 10% 20%

BASF BASF BASF BASF Salca Salca Salca Salca

Cement (gr) 450 450 450 450 450 450 450 450 450
Water (gr) 225 225 225 225 225 225 225 225 225
Sand(gr) 1-2mm 458 458 458 458 458 458 458 458 458
0,5-1mm 448 448 448 448 448 448 448 448 448

0,25-0,5 mm 147 147 147 147 36 147 147 147 36

0,125 -0,250 mm 236 235 194 93 0 235 194 93 0

0,063 - 0,125 mm 60 0 0 0 0 0 0 0 0

PCM (gr) 0 20 33 66 132 35 58 115 230
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Casting the prisms was done in a room which had a
constant temperature of 20 °C and was kept at 65%
relative humidity all the time. This room was located
at the laboratory of SGS INTRON, and is specially
designed to perform these castings under very stable
conditions. The materials were placed in the room
already days before casting to ensure the same
conditions for every prism.

After one day of curing, the prisms were placed in a ,
container full of water which was located in the same - . = N
room. This procedure is performed to exclude any Figure 18: Pressure strength measurement device
external factors that could influence the comparison.

After 7 days of curing, the prisms were tested for their compressive and flexural strength by the use
of the press which is seen in Figure 18. The same test was done again with the other two prisms
from the same mixture after 28 days.

5.2. Results of the prism tests
Figures 19 and 20 show the results of the pressure tests. The solid line in both Figures represents the
result after 7 days and the dotted line is the result after 28 days. As expected the pressure strength,
as well as the tensile strength, drops with the addition of PCM in the prism. In the first percentages
the strength rapidly decreases. From 10 to 20 percent the strength curve is less steep. Results are
given in MPa. This makes it possible to compare with other prism tests.
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Compressive strength (MPa)
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volume % of PCM

=== Compressive strength BASF, 7 days === Compressive strength BASF, 28 days
== Compressive strength Salca, 7 days === Compressive strength Salca, 28 days
e=je== Minimal strength

Figure 19: Resulting compressive strength of the different samples after 7 and 28 days.

21

——
| —



Flexural strength (MPa)
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volume % of PCM

—— Flexure strength BASF, 7 days == Flexure strength BASF, 28 days
== Flexure strength Salca, 7 days === Flexure strength Salca, 28 days

Figure 20: Resulting tensile strength ot the different samples after 7 and 28 days.

5.3. Analysis

Already during the building of the prisms the first influence of the PCM is noticed. The workability of
fresh concrete is influenced by the addition of PCM. Due to the influence of the particle size of
PCMs, the fresh concrete becomes more fluid with the addition of Salca PCM, which particles have a
bigger size than the sand particles which are replaced by the PCM. The mixtures with BASF PCM
become dryer. BASF has particles which are smaller than 0.125 mm and therefore smaller than the
sand particles which are replaced. With the changes in particle size, also the surface area of the
particles changes what means the water film over all the particles differs in size which needs another
amount of water to mix a workable concrete. Although the workability is influenced, no additional
plasticizer was added to get a good comparison of the consequences of adding PCMs.

The results of the compressive and flexure tests show a reduction in strength of the prisms when
sand is replaced by PCM particles. With the addition of 5 to 10 Vol.% of PCM the biggest decrease is
noticeable. The PCM from BASF shows in this test the most promising results. With 10 Vol.% of sand
replaced by PCM from BASF the strength become 50% of the original strength. With replacement of
10 Vol.% of the mixture by Salca PCM, the strength drops even more to just under 30% of the
original strength.

With the decreasing strength of the concrete mixtures, its constructive quality is lowered drastically.
Without PCM, this cement performs as expected by its properties. After 28 days the strength lays
between 42.5 MPa and 62.5 MPa. After adding 5 vol% of Salca PCM into the mixture the strength
drops under the minimum requirement for strength to qualify the cement type. In Figure 19 this
bottom line is shown, and as can be seen the PCM-concrete mixture does not perform well with over
5 Vol.% of PCM in the mixture.

The first reason of the decreasing strength is because of the replacement of sand by much weaker
PCM material. The shell of the PCM is not as strong as sand what decreases the strength of the total
mixture.
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Another problem with specifically the PCM from
Salca is that it is made of salt hydrate. If the shell
breaks the salt is released harming the hydration
process. This is caused by a reaction between the
salt and the cement which has a negative influence
on the hydration process and decreases the amount
of bondages made by the cement between the
aggregates.

The first clue to this diagnosis was given by the look
of the prisms as can be seen in Figure 21, where the
prisms are covered by white particles. Also the
prism’s with BASF felt greasy what is a clue the Figure 21: Prism’s with white particles over it
paraffin has also left its shells. In this case the BASF PCM has the advantage because paraffin does
not interact with the hydration process and therefore the strength is less influenced by the paraffin.
Earlier research showed different results for the quality of the PCMs from BASF but by the look of
the prisms some broken shells are present. Since there is no earlier research done for the shells of
the PCM from Salca and the salt could be harmful for the hydration process, the quality of the shells
is investigated in more detail.

5.3.1. Salca PCM shell test

To investigate if the strength could be influenced by any broken shells, a sample of the prisms is
impregnated with resin. When this prism is filled with resin, the broken shells are filled inside the
concrete. After impregnating the prism it is cut in half and placed under a microscope to see if there
are broken shells visible.

With the microscope figure 22 and Figure 23 were made and show some PCM particles in the
concrete. Where the resin entered the shell it is colored green. This shows one of the two particles
visible on the picture was broken during the curing process what released the salt into the concrete.
With the use of the microscope, more broken shells were found, what means the salt was able to
influence the hydration process with as result, a weaker concrete mixture.

Figure 23: Two PCM particles from whitch one is broken. Figure 22: Close up of the two particles




5.4. Combination cubes
With the prism tests a first indication of the consequences of PCM as a replacement of sand into the
concrete is given. Furthermore there are several articles available about PCMs implemented in
concrete. Studies about sand replacement all show a decrease in constructive strength of the
concrete.

Some of the studies had some simulations done, and
they show the heat is mostly captured in the first few
centimeters of the concrete structure. This means
the wall does not have to be made out of PCM-
concrete completely to obtain maximal result. Only
the first centimeters with PCM are effective.
Therefore is chosen to look at the possibility to make
a dual layer wall since prefab is much more used
these days. In this case it is interesting if the PCM
stays in the first few centimeters. Advantage of this
option could be the lower costs because of the
smaller amount of PCM used, and the increasing
strength because most of the concrete is made of Figure 24: different layers in the mold for the cubes.
conventional concrete.

PCM-Concrete

With this knowledge, compressive tests with the

concrete cubes are performed with respect to NEN 206-1. Two types of concrete are mixed. One
mixture is made without PCM and on with PCM. The mold is than filled with the mixture with PCM
and on tops the mixture without PCM is placed as can be seen in figure 24. Here is also visible on
which side the cube is tested for its compressive strength.

Table 5 shows the different recipes used. On top of every PCM-concrete mix, the concrete without
PCM is placed. This concrete is made with the ratio similar to mixture B1.

Table 5: Mixtures of the different concrete blocks

Concrete B1 B2a B2b B3a B3b

5 Vol.% 10 Vol.% 5 Vol.% 10 Vol.%
Cement (kg) 311 311 311 311 311
Water (kg) 165 165 165 165 165
Gravel 16 tot 32 mm 409 409 409 409 409
Gravel 8 tot 16 mm 409 409 409 409 409
Gravel 4 tot 8 mm 410 410 410 410 410
Sand 0 tot 4 mm 722 589 456 589 456
PCM (kg) 0 44 88 75 150
Water-cement ratio 0,53 0,53 0,53

As can be seen in Table 5, only 5 Vol.% and 10 Vol.% is made for testing. This is done because the
workability is influenced too much when more PCM is added. Since the intention is not to use any
other extra plasticizers the biggest amount is 10 Vol.% of PCM in the first 5 cm.

Because the PCMs appear to be damaged during the mixing of the ingredients, extra care is taken to
get the PCM into the mixture. First the cement is mixed with the different aggregates and water,
than at the last moment the PCM is added and the mixing is than done by hand. In this way is tried
to prevent broken shells of the PCM by the mixing procedure.
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After casting the different mixtures, they are placed in a room which is constant 20 degrees and has
a moisture level of 65%. After one day of curing the blocks were taken from their molds and placed
in a water bath for 27 days to complete the curing process.

After 28 days of curing, the blocks were tested for their pressure strength. Besides the pressure
strength, a visual inspection is done to see if the PCM-concrete stayed in place during the curing
process. Figure 26 shows the concrete blocks after 28 days of curing, and Figure 25 shows the PCM-
concrete layer is still present on the bottom of the block. This means this way of casting could be an
easy way to implement PCM into a prefab concrete slab.

Annex 3 shows the results of the pressure tests. With these results the graph in Figure 27 is made to
compare the two Concrete-PCM mixtures.
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Figure 25: PCM visible only under the line Figure 26: Resulting concrete blocks
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Figure 27: Resulting pressure strength with the different PCMs and volumes of PCM.




The results show the cubes made with PCMs from Salca appear to
be slightly stronger than BASF, although the earlier prism test
showed the opposite result. This could indicate the mixing
procedure is of importance when PCM-concrete is produced. The
Hobart mixer as showed in Figure 28 is in that case not suited for
the mixing of PCM-concrete.

With the gained numbers about the strength of the concrete blocks
they can be compared with the strength classes as known in the
Netherlands. Table 6 shows the most common classes in the
Netherlands. There are higher classes but these are only useful in
high strength concrete. Figure 28: Hobart mixer

Not only the block strength is shows but also the

cylindrical strength. In the future both shapes have to be
Table 6: Concrete strength classes

made but in this case only the block strength is Strength Cylindrical Cubical
measured, since there was just a small amount of class compressive compressive
PCM available. strength strength
(MPa) (MPa)
The blocks without PCM reach C40/50. The blocks c8/10 8 10
from Salca as well as from BASF reach with the C12/15 12 15
addition of 10 Vol.% of PCM still a strength class of C16/20 16 20
C35/45. This means the addition of the PCM only €20/25 20 25
reduces the strength with one class. Eizgg 5: ig
. . . . . . C30/37 30 37
This means it is interesting to further investigate this C35/45 35 45
dual layer concrete. Strength is reduced but just a C40/50 20 0
little and with the advantage of the lower costs for C45/55 a5 o5
the PCMs and the similar performance in a room. C50/60 50 60
C53/63 53 63

Since there was just a limited amount of material no
further research is done to this promising option but
this is certain the way to go in the future.
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6. Thermal properties

With the goal of this research to find the benefits for the energy demand of a room when
introducing Phase Change Materials into structural concrete, the thermal consequences of the
mixtures are discussed and compared with conventional structural concrete.

The absorption of heat into the structural concrete depends on two important factors. First is the
amount of heat that can be stored in a certain amount of PCM-concrete. Second factor is the speed
with which this is done. The quicker the room adapts to the influencing factors the better the room
keeps its comfortable temperature range.

Earlier research showed the use of PCM-concrete walls resulted in a lower room temperature as
shown by Cabeza and Leppers (2007). This gives several advantages, first there is the improved
comfort for the persons in the room, and secondly less energy is needed to keep the room within a
preferred temperature range.

Besides the measurements done in the past, some simulation based studies were performed. The
materials were described by the use of a temperature depended specific heat capacity (C,). Around
the melting temperature the C,is increased with the heat of fusion and after this temperature the C,
is as big as it was before the melting temperature. The temperature depended specific heat is
mathematically described as C, (T).

Because the materials in the earlier performd simulations were not heterogeneous and now there is
made a heterogeneous material, the expectation is that the material will not react in a similar way as
in the simulations. Therefore the thermal diffusivity (a) is introduced for multiple temperature
ranges. Thermal diffusivity is the speed with which the heat flows through the concrete. The
measured thermal diffusivity could be used as a tool to predict the effect of the PCM-concrete
mixture in a room.

6.1. Theory

To understand how PCM influences the energy demand starts at looking at the heat flows in a room.
Figure 29 shows a simple room in which a certain heat flow (Q) to the wall. This heat is influenced by
the heat transmission coefficient (h) and the temperature difference between the air temperature in
the room and the surface temperature of the wall.

Q=h*AT

Q% | =) ~

Figure 29: Simple representation of the heat which is delivered to the wall

Equation (1) shows the equation which describes the heat flow into the concrete. Here Q is the heat
flow in W/m?, h the convective heat transfer coefficient in W/m?.K, T.. The temperature of the air
inside the room and T, the surface temperature.

Q=hx*(Tw—T,) q. 1
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Equation (1) shows the surface temperature has to be as low as possible to have a large heat flow
from the room to the wall. When a certain heat flow is present towards the wall another
phenomenon becomes present which is the heat distribution through the wall.

As can be learned from the book introduction to thermodynamics and heat transfer (1997), an ideal
situation is where the heat is immediately distributed evenly over the wall. Here the call that the
lumb system. In reality however it takes time to distribute the heat evenly over a certain amount of

N
g \\ —t = t1
2 —1 = 12
é’- A\ \ t=13
- \\ \ —_—t=td
\ \ \\ Ideal
\
— e
' " Wall depth X ' '
material.

Figure 30 shows this typical temperature distribution through the wall at different times and
equation (2) forms the mathematical description of these lines.

oT 2°T

at~ “ox? Fa. 2

This shows the temperature in the wall reacts with a time delay to the temperature changes over
the wall. This delay depends on the thermal diffusivity coefficient (a). When the diffusivity
coefficient is very low, the temperature, and thus the heat, is distributed very slowly over the
concrete and the heat stays in the first few layers of the concrete. This results in a higher surface
temperature.

Figure 30: Heat distribution into a wall for different times and an ideal situation.
All this result in the conclusion the thermal diffusivity has to be high to keep the surface
temperature low and the heat flow towards and from the surface of the wall as high as possible.

To be able to influence the thermal diffusivity, this is studied in more detail. Equation (3) shows the
influencing factors of the thermal diffusivity.

Eq. 3

Here the k is the thermal conductivity in W/m?.K, p is the density in kg/m?® and C, the specific heat in
l/kg.
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With the addition of the PCM to the concrete a new specific heat is created which is different for
different temperatures. For a representation of this new specific heat is made used of earlier
research. Because the PCMs melt around a certain temperature the specific heat depends on the
temperature of the PCM-concrete mixture. Therefore the C; is in this case temperature dependent
around room temperature and is written as Cy(T). The result is a thermal diffusivity depending on
temperature as shown in equation (4).

Of(T) = p * Cp(T) Eq. 4

By this formula the diffusivity can be divided in three parts which are the thermal diffusivity before,
during and after the melting temperature. The first and third part will be similar but the second part
during the melting will be significantly lower. Because in this research is worked with a
heterogeneous material the thermal diffusivity is measured to find the influence of the latent heat in
this mixture.

To simplify the thermal diffusivity it is described as three parts which are as said the thermal
diffusivity before, during and after the melting point. Taken into account the different PCMs which
are used in this study this result in the following thermal diffusivity equation.

aq, T <20
a(T) ={ay, 35<T>20 Eq.5
as, T > 35

By measurements within the different temperature ranges the diffusivity for that specific
temperature range is determined. As said earlier the expectation is a similar thermal diffusivity
before and after the melting point en during the melting point a very low diffusivity in comparison to
the other two. This expectation is based on equation (4) because during the melting temperature a
lot of energy can be latently absorbed by the PCM what means the temperature rises more slowly.

Besides the latent heat factor, also the thermal conductivity will change when the PCM is melted. In
case of paraffin material this factor will decrease. For salt the thermal conductivity will be slightly
higher. This result in a slightly higher or lower thermal diffusivity after the PCM is melted compared
with the solid PCM, but the influence is small in comparison with the melting PCM.

6.1.1. Theoretical analyze of the energy distribution and latent heat absorption
From the general theory as described in the last chapter a closer look is taken at the latent heat
absorption through the wall by the PCM.

With a certain amount of energy (J) which enters the wall the temperature rises as visualized in
figure 31. A part of the offered energy reaches point X; which is given in the figure. This gives a
certain temperature rise at point X;

If focused on this one point we must assume the following facts. If there is a normal concrete then a
constant rise in temperature is noticeable at X;. If PCM is added, this is different. First because the
density drops and so does the thermal conductivity. This results for an unmelted PCM a slightly
quicker raising temperature. But secondly, at the moment the PCM starts to melt, the C, rises, and
this decreases the temperature rise. Therefore the red curve, which represents the concrete with
added PCM, bends in Fig. 31 just above the melting temperature of the PCM. It shows that between
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the dotted line and the actual line now there is an amount of latently stored heat. The dotted line
represents the
temperature rise
of the concrete
when the PCM
does not melt.

For the \

. [J]
calculation of the 5 \
amount of heat ©
. . ()]
which is stored g- N\ ——t1
latently the K \" o
thermal =

diffusivities  can
be used. At a
certain X in the

concrete the
temperature rises - - T . . .
1 degrees Celsius X into the concrete

when there is
added a certain
amount of heat
which can be calculated by the
use of the K the density and
the diffusivity. Above the 20
degrees the thermal diffusivity
changes and the other factors
stay the same. This gives
another (higher) amount of
heat that is needed for a
temperature rise of one
degree. The difference
between the two specific heats
is the amount of heat that is
stored by latent heat. In this
way the amount of latently . . . . . .
stored energy can be
calculated.

Temperature

Energy (J) added to point X1

=== Temperature rise No PCM
By calculating the maximum —fll— Temperature rise with PCM
amount of latent heat which ] .
can be stored from the Meltingpoint

properties gained by the === Temperature rise with PCM (no latent heat)

factory divided by the amount
of sensible heat the room Figure 31: Temperature behavior through the wall (above) and specified at 1
point (below).

totally needs to rise 1 degree
Celsius in temperature, the maximal temperature difference can be calculated which is possible in
that one specific room.

During the process of heating a wall the energy distribution then actually results in figure 32
depending on the properties of the concrete PCM mixture. Figure 32 shows until what depth the
latent storage capacity of the PCM is activated.
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Figure 32: Graph with de heat absorbed by the different mechanisms for several moments in time

6.2. Composition of the samples

After the performed structural strength tests, was noticed that without special additions to the
concrete, more than 10 Vol.% replacement of sand influences the workability too much to create a
well-mixed PCM-concrete. Therefore the produced samples contain no more than 10 Vol.% of PCM.
The mixtures contain cement, water, coarse aggregate and sand. The recipes are chosen by the use
of several standard formulas given in the literature. These formulas can be found in the book
Betontechnologie van Souwerbren (1998). The resulting compositions of the samples are given in
table 7. With the addition of PCM to the samples the sand particles are replaced by the PCM
particles. The samples contain 5 Vol.% and 10 Vol.% PCM. Also several samples without PCM are
made to compare the influence.

Table 7: mixture of the different samples used for thermal performance testing

Sample Concrete BASF 1 BASF 2 Salcal Salca 2
5vol% 10 Vol.% 5vol% 10 Vol.%
Cement (kg) 311 311 311 311 311
Water (kg) 165 165 165 165 165
Coars aggregate (kg) 780 780 780 780 780
Sand (kg) 1170 1073 975 1073 975
PCM (kg) 0 44 88 75 150
Water-Cement Ratio 0,53 0,53 0,53 0,53 0,53
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The built samples have a diameter of 8 cm and a height of 10
cm. They are equipped with 5 thermocouples at 0,2,4,6 and 10
cm, which can measure the temperature through the sample.
The chosen distance is done because it ensures no shortcut by
the largest particles of 0.8 cm. The size of the sample is limited
by the dimensions of the measurement equipment. Figure 33
shows the resulting samples with the thermocouples in place.
Annex 4 explains how a specialized mold is made to implement
the thermocouples into the sample.

Besides the sand replacement samples, another option is
explored. This is the filling of lightweight aggregates with PCM.
Figure 34 shows the setup used to fill the lightweight
aggregates.

To ensure the PCM is liquid during

Qin
SATTITNTE o

Calrn | TC

TC
S TC

Figure 33: Layout of the sample with

its thermocouples.

the whole process, this is executed
in a climate chamber at SGS

INTRON. This chamber is kept at
30 °C and the PCM is placed in the
chamber a day before the filling is Liquified
executed. This ensures the PCM is PCM

completely molten before it is
processed into the lightweight
aggregates. First a vacuum box is
created wherein the lightweight
aggregates were placed and then

Lightweight
aggregate

0000

Vacuum
pump

the liquid PCM is pushed into the Room kept at 30 degrees Celsius.

aggregates by the pressure

difference. Table 8 shows the Figure 34: setup used for impregnating the lightweight aggregates with

composition of the last set of Pcm

samples in which the lightweight aggregates are used with and without PCM in it.

Table 8: mixture of the lightweight aggregate samples

Composition Lw1i Lw2
Cement (kg) 311 311
Water (kg) 165 165
Light agg (kg) 4 tot 8 mm 190 190 +pcm
Sand (kg) 0 tot 4 mm 1170 1170
Water-cement ratio 0,53 0,53

After filling the molds, these are placed in a room where the temperature is kept at 20 °C and the
relative humidity at 65%. After 28 days the samples are taken from their mold and placed in the
room where the measurements will take place. Here they stayed for a two weeks before the

measurements took place to ensure the samples are acclimated.
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The different materials have the following individual properties.

Table 9: properties of the different materials

Material Thermal conductivity Specific heat Heat of fusion
W/m2.K J/kg J/kg

Concrete 2 840 -

BASF PCM 0.2 2000 110000

Salca PCM 0.6 1500 110000

Rubitherm PCM 0.2 2000 184000

Lightweight concrete 1.5 840 =

This results in the following combined properties if the individual properties are multiplied by its
percentage and then added to each other.

Table 10: Resulting thermal properties of the PCM-concrete mixtures

Sample Thermal conductivity Specific heat Heat of fusion
W/m2K J/kg JIkg

BASF 1 5 Vol.% 1.91 898 5500

BASF 2 10 Vol.% 1.82 956 11000

Salca 15 Vol.% 1.93 873 5500

Salca 2 10 Vol.% 1.86 906 11000

6.3. Measurement setup

To measure the thermal diffusivity, the following setup
is created. With this setup the speed with which the
energy is distributed through the concrete can be
determined and so the thermal diffusivity. By applying
a thermal impulse, the reaction can be measured
through the concrete. This setup is capable to apply
various thermal impulses to test multiple temperature
ranges.

To perform reliable measurements, a lot of effort is
Figure 35: Setup at the laboratory

Thermocouples
]
]
Data logger Ice bath Samples in semi-adiabatic sur- Tamson heat  Controler heat
rounding. The black part is the exchanger. exchanger.

heat exchanger.

Figure 36: schematic view of the setup used for thermal measurements
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used to build a proper setup. Figure 36 shows the schematic view of the setup used and figure 35
shows the setup in the laboratory. The setup exists of a box of 60 cm * 30 cm * 24 cm. The samples
are placed in the middle and on top of the samples a conductive paste is applied to ensure a good
contact with the heat flux meter on top of the sample. Above this all a heat exchanger is placed
which is controlled by a computer.

The temperatures are measured every 66 seconds by a data logger who measures the voltage
difference between melting ice and the sample in the positive as well as in the negative direction.
This melting ice is continuously mixed to ensure a temperature of 0 °C.

The heat exchanger is tested for its well distributed temperature. In annex 5 the results of this test
can be found.

6.4. Tests applied
With the samples in place, the following tests are done to obtain the temperature data which is used
to characterize the PCM-Concrete mixtures, and calculate the thermal diffusivity.

6.4.1. Diffusivity calculation

The test series heats and cools the sample between 10 to 20 °C, between 15 to 35 °C and Between
30 to 50 °C. This boundary temperature is projected like a block graph on the sample. Chirdon (2007)
has successfully used this method before. In this research, the intervals are for the first and third
block 90 minutes and for the second block 180 minutes. Since there are three temperature ranges,
the diffusivity is given for three ranges. There is given a thermal diffusivity before the melting
trajectory, one during the melting trajectory, and one when the PCM is melted.

6.4.2. Sinus cycle

With the projection of a sinus shaped heating pattern on the sample, a simple simulation is tried to
make to measure the influence on a room. The temperature goes form 15 °C to 30 °C and back to 15
OC. This cycle is made in 24 hours and represents a summer day.

The goal of this test is to characterize a general behavior of the PCM-Concrete in a room. Because
PCMs are used for short time storage, what is mostly one day, the measurements show the effect of
PCM over this period.

Afterwards this representation is not correct. Because the sample is heated by placing a plate
directly on the sample, the heat is distributed by conduction. In a room however, heat is meanly
transported by convection and radiation.

But with the results from the measurements some remarks can be made about the general behavior
of the PCM-concrete mixture when compared to a normal concrete sample.
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6.5. Calculation of the thermal diffusivity
With the measurements done, a calculation is performed by
the use of equation (2), to find the best matching thermal
diffusivity. This is done by the use of finite element software
Comesol. Figure 37 shows how the calculation is done. The
measurements of the thermocouple at two centimeter for a
certain temperature range are projected on an 8 cm block
and with use of equation (2) the temperature is calculated
at the three points into the block of concrete.

This calculation is done with different thermal diffusivities.
The results are used to perform a sum of squares of the
differences between the calculated temperature and the
actual measured temperature. At all three measurement
points the differences between calculation and
measurement are squared and then added. The diffusivity
who gives the lowest value for this sum is the best fitting

Tmeasured at 2 cm

Figure 37

thermal diffusivity for that specific temperature range. Equation (6) shows the sum of squares.

m

n

m=1

2
(Tsimulation - Tmeasurement) Eq. 6

When the diffusivity is determined equation (5) can be applied for every sample.

To control the quality of the diffusivity equation, a graph is made of the differences between
measurement and simulation for every measurement point. This is the so called residue of the sum

of squares. These are given in annex 7.




6.6. Results

The results are discussed in two parts. First the diffusivity measurements are discussed, and

secondly the day cycle measurements.

6.6.1. Diffusivity measurements

To determine the thermal
diffusivity, the samples are
charged with three temperature
cycles. As explained in chapter
8.4.1. Figure 38 shows the
resulting temperatures through
the samples. In this figure the
sample which is taken, is an
example with a PCM from BASF.
As can be seen from figure 36b
there are some irregularities in the
temperature flow which indicate a
PCM-moment, where heat is
latently absorbed, is visible in the
measurements.

These measurements are then
used for the calculation done as
explained in paragraph 8.5, to
determine the thermal diffusivity.

Figure 39 and figure 40 show the
calculated temperature and
measured temperature at the
different locations through two
different samples. There is shown
one sample with PCM from BASF
and a sample with PCM from
Salca.

Both samples show similar points
which are discussed one by one.
First the part between 10 and 20
°C is discussed. Here the
simulation and the measurement
match well. The reason for the
difference is mainly caused by the
initial temperature used in the
simulation. Here is choosen to use
the mean temperature over al the
thermocouples. Because the most
temperatures at the beginning of
the measurements differ just 0.1
or 0.2 °C and with the used
calculation program it was not

Temperature measurments for thermal diffusivity (10 - 20 °C)

Temperature [C]

1 2 3 4 5 8 7 8 B 10
Time (h]

Temperature measurments for thermal diffusivity (15 - 35 °C)

Temperature [C]

10 12 14 [ [ 20
Time (]
Temperature measurments for thermal diffusivity (30 - 50 *C)
50, . - . : é : -

45}

&
S

Temperature [C]

L 1
260

1 2 3 7 8 9 10

3
Time ]

Figure 38: a: measurements between 10 and 20 degrees, b: measurements
between 15 and 35 degrees, c: measurements between 30 and 50 degrees.

possible to introduce a different initial temperature.
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Measurment versus simulation (Salca 10-20 °C)
21 - .

Measurment versus simulation (Basf 10-20 °C)

3

Temperature [C]

3
T

Temperature [C]

5
Time ]

Measurment versus simulation (Salca 15-35 °C)

Temperature [C]

2 3 6 8 10 12 14 16 18
Time (]

Moasurment versus simulation (Salca 30-50 °C)
ol et A 2

Temperature £C]

Time ]

Figure 40: Measurement versus simulation of a sample
with PCM from Salca.

The results between 15 and 35 °C are starting
to differ more from each other. Here the
simulation and measurement are showing
slightly different lines, especially the sample
with the BASF PCM. Here the moment the
PCM starts to melt is clearly visible by the
slower rising temperature around the melting
temperature of the PCM. This show the PCMs
stores a part of the heat latently which enters
the room. Remarkable is the absence of a
clear melting moment for the Salca PCM’s.

Between 30 and 50 °C the gaps between

Temperature [C]

| i L | | I |
Yo 1 2 3 4 5
Time [h]

Measurment versus simulation (Basf 15-35 °C)
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6em
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Measurment versus simulation (Basf 30-50 °C)
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Figure 39: Measurement versus simulation of a sample with
PCM from BASF.

Measurment versus simulation (Concrete 15-35 °C)
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Figure 41: Measurement versus simulation of a non PCM sample.

simulation and measurement becomes bigger over time. Especially further into the concrete. This
could indicate the PCM is still working during the higher temperatures.
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To find prove for the hypothese the PCM
is still melting during the mesurements
between 30 and 50 °C, a closer look is
taken at the results without PCM. This is
shown in figure 41. Here we see a much
better similarity between measurement
and calculation between 15 and 35
degrees for concrete without PCM, what
indicates the PCM is still influencing the
measurements  during  the  higher
temperature measurements.

The last step in the process is making the
residu graphs. Figure 42 shows the result
from one of the samples with BASF PCM.
Annex 7 shows the rest of the residue
graphs. The first two graphs show just a
little difference which is quite constant.
The last graph about the measurements
between 30 and 50 °C shows a decrease
over the difference which indicate again
the PCM is influencing this measurements.
The graph shows the gaps between
measured and calculated temperature are
increasing.

The final result of the diffusivity
measurements is table 11 which shows
the thermal diffusivities of the different
samples.

The table shows the unexpected low
diffusivity for the temperatures between
30 and 50 °C.

——
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Figure 42: Residues of a sample for the three different temperature
cycles.
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Table 11: Resulting thermal diffusivities of the different samples.

Sample al a2 a3 Sample al a2 a3
(*101-7) (*107-7) (*107-7) (*101-7) (*101-7) (*107-7)
Ca 17 14 12 BASF la 15 13 9
Cb Bad sample Bad sample Bad sample BASF 1b 13 11 9
Cc 13 12 11 BASF2a 10 7 7
Cd 13 12 7 BASF2b 9 7 6
Salcala 18 15 10 LW1la 10 7 9
Salcalb 9 8 7 LW1b 10 8 8
Salca2a 9 7 6 LW2a 12 12 10
Salca2b 9 8 6 LW2b 14 14 11

6.6.2. Analysis of the unexpected result
After obtaining the thermal diffusivity for the different samples, the results were not as expected
and therefore an analysis is performed to give an explanation for the results.

Before the tests were started the expectation was that the diffusivity would have about the similar
number before and after the melting point of the PCM, and a significantly lower one during melting.
The outcome contradicts this.

To ensure the unexpected result in not caused by other causes than the PCM, several possible
interfering causes with the measurements are investigated. Looking back at the process of building
samples and a setup, the following points could be weak spots in the process.

e Moisture in the samples

e PCMis not distributed equally over the Sample.

e Place of the thermocouples

Quality of the setup

Quality of the thermocouples

Air gapes in the samples

The assumption of the thermal diffusivity description is not correct.
e Heterogeneous material.

One by one these points will be explained, and with simple tests the plausibility is checked.

Moisture in the samples

After unmolding the samples, these are placed in the room where the measurements take place.
This means they could slowly adapt to the prevailing moisture content of the surroundings. The
moisture content in this room was about 35% at 20 °C. If this moisture is trapped in the concrete
during the measurements, the relative moisture content changes with the temperature of the
concrete. This could be the case because the material which is used to make the semi-adiabatic
surrounding of the samples has a vapor diffusion resistance of about 150 — 300 kg/(m-h-Pa). This is a
very high moisture isolating material what makes the moisture transport very slow. Therefore the
assumption the vapor is trapped in the setup is very plausible.
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Concrete exists of different types of pores 5
which go from just a few micrometers until
several millimeters. In every capillary there is
a layer of water molecules against the sides,
which increases rapidly with increasing
relative humidity. Already at 30% relative
humidity this layer closes the smallest
capillaries, what introduces shortcuts
through the concrete because water is a

]

£
2 :/_o_”b—[w: concrete

—o— Limestone concrete
—— Silistone concrete

Conductivity, W/mK
(%]

much better conductor instead of air (0.024 —a— Quarizite concrete
W/m.K for air against 0.58 W/m.K for water). ] ' ' ' '

With the introduction of temperature 0 7 4 6 8 10
differences over the sample the relative (a) Moisture content. %

humidity changes.
Figure 43: Thermal conductivity of several types of concrete at a

As can be seen in Figure 43, the moisture certain amount of moisture. (percentage is x10)

content highly influences the thermal

conductivity and as a consequence the

thermal diffusivity. In the article of Khan (2002) the relative moisture is varied, and for every change
the thermal conductivity is measured. This shows the influence of the moisture is very well
measurable. Figure 43 shows the ratio between moisture and conductivity. This figure shows the

conductivity drops with around 0.4 W/m.K if the moisture drops with about 10%.

With the assumption the absolute humidity is constant over the sample and a temperature
difference is introduced, the relative humidity differs through the sample. When we then look at the
measurements of the samples, the temperature differs 4 to 5 degrees over the sample. This means
there is a relative humidity difference between the warm and cold side of the sample of about 5 %
relative humidity as can be learned from the literature. The relative humidity in the measurement
room is about 30 to 40 % what means the difference in conductivity could be around 0.2 W/m.K to
0.3 W/m.K. This shows that also without PCM the thermal conductivity and diffusivity are influenced
by the moisture content of the sample.

The thermal diffusivity changes by Equation (3), what means that if around 20 degrees the diffusivity
is 2/2300*850 = 1*107-6 mm?/s, the diffusivity around 30 degrees is 1.8/2300*850 = 9.1 *10A-7
mm?/s. Here the density is 2300 kg/m3 and the conductivity at 20 degrees Celsius is considered 2
W/m.K. The specific heat is set at 850 J/kg. This finally results in a

difference of 0.9 * 10~-7 mm?*/s over 5 degrees.

With this phenomenon a clear influence on the diffusivity ®

measurements is visible between the lower temperatures and the -

higher temperatures. Especially around the peek moments of the °o _

measurements the influence is present of the moisture content. It

will not completely explain the found the difference between the - = =

expectations of the diffusivity measurements and the _,-'. -

measurements. 0. ‘o | ~ . U

'O

Phase Change Materials are not distributed equally - ® 0

over the sample °

Every type of sample is made twice. But the mixture for the two - J

samples is made at once. This means the PCM could be unequal | — -

distributed over the two samples. From the difference in o

measurements between the similar samples is seen that the Figure 44: Fictive particle distribution

distribution of PCMs over the different samples did not work out over a sample
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well, although this does not influence the thermal diffusivity difference between measurements
before and after its melting point.

As can be seen in Figure 44 the black PCM particles are not distributed evenly over the sample. The
red thermocouples than could measure different diffusivities between two different couples. This
could explain the small differences between measurement and simulation, but the differences
between the expectations for the thermal diffusivities and the results cannot be explained by this
phenomenon.

Quality of the setup

With the setup is tried to make a semi-adiabatic
surrounding for the samples. Due to the possibility to get
wires out of this surrounding and because the isolation
material is not a perfect thermally closed, there will be
some leakage. But to get the best possible result, the cracks
are taped up and there is used a thick layer of isolation
material. This material is styrodur and has a A-value of 0.038
W/m?2K. The thickness of the isolation is at least 120 mm
thick. Figure 45 shows the taped up cracks.

Figure 45: setup with the taped up cracks

Quality of the thermocouples
The quality of the thermocouples have a great impact on the result and therefore these are made
from the materials copper and constantan and the weldings are sealed to get no interaction
between the welding and the ingredients of the concrete. Also the couples are calibrated to obtain
the best possible result by the
use of thermocouples. To test
the sealing, the thermocouples ‘ ‘ _Point Graph: Temperature ()
were placed in a salt bath and ' '
checked if the measurements
were disturbed. This way is
assured the sealings are closed
for any outside influence.

w
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Place of the
thermocouples
With the casting of the samples
the couples are put into place. 5
Much care is taken to get them 20 bl
on the right height without
movement during the filling
process of the mold. But during 6k
the drying process it is possible
the couples have moved a bit Figure 46: Simulation for three different locations in the sample which are 5 mm
and so the distance between away from eachother.
the couples could be not
exactly on the intended
distance.

Temperature (K)
[h*]
=

N
L)

Time x10?

Figure 46 shows the graphs of the measurement, the calculation and two alternative calculations in
which the placement of couples is 5 mm above and 5 mm below the intendant place. So if it moved 5
mm the difference is not more than 0.2 degrees. This could not explain the difference between the
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measurements and the simulations. This phenomenon is only responsible for slight differences in
the measurements versus the calculations. For example the differences between the measurements
and calculations for the temperature range of 10 to 20 °C.

Air gapes in the samples
Air gapes in the samples could arise during the curing if the air is not removed properly by vibrating
the mixture. To disturb the place of the thermocouple the air is taken out by just using a pestle. This
could give a slightly worse result than using a vibrating plate, as is the case in most tests performed
in laboratory.

If an air gap arises around a thermocouple the resulting measurement shows an aberrant
temperature flow when compared with the other thermocouples, because of the isolating air layer
around the couple. This layer of air is stagnant what means the thermal conductivity is very low in
such an air gap. There is however no thermocouple that really shows a different flow over time what
indicates this cause is not plausible.

The assumption of the thermal diffusivity is not correct
In this research the assumption is done of a constant thermal diffusivity for the three temperature
ranges. The goal was to create a simplified tool for further simulations. But with the melting PCMs
there is actually a more complex situation.

The thermal diffusivity is normally explained with the Equation (3) which can be found in chapter
8.1, where there is no transition from liquid to solid or vice versa and all the parameters are
constant. But during the transition temperature of the PCM particles, the heat of fusion is
introduced what results in a bigger specific heat around a specific temperature. This means the
formula transforms into

a(T) = Eq. 7

p Cp(T)
Figure 48 shows the form of the C, (T) This results in Figure 47, where the thermal diffusivity of the
PCM is visualized. As can be seen the thermal diffusivity is more complex than just a three point
representation. It seems this simplification is a bit too simplistic.

Specific heat
Thermal diffusivity

Temperature Temperature

Figure 48: Specific heat of a PCM around melting temperature . L .
Figure 47: Diffusivity of a PCM around melting temperature
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Heterogeneous material
A last influencing factor on the measured thermal
diffusivities is an important one. The sample is
made out of different materials which are mixed
together and then treated as a homogeneous
material. But especially during the melting cycles of
the PCMs the heat does not travel through the
material in a straight line. Figure 49 shows a simple
model of the sample in which the heat enters the
sample and is distributed constantly through the
concrete. When the heat flow meets a PCM-
particle, it partly disappears into the particle but
also a part will travel around it because the
surrounding concrete is much easier to increase in
temperature. This means the energy will already be
traveling through the concrete around a
thermocouple although the storage capacity above
this thermocouple is not fully used.

This phenomenon could explain the lower thermal
diffusivity for the 30 to 50 degrees measurements.
Although a higher temperature is measured the

heat storage is not used fully what means heat is still
entering the PCMs instead of heating the full sample.

Figure 49: Section of the sample with the heat flow to
the different parts

For a better insight in this phenomenon, some extra literature is found. Two articles showed the

complexity of rightfully simulate the
conductivity, which is part of the
diffusivity, of a heterogeneous material.
The first article is from Wang et al. (2006).
Here the different types of mixtures are
discussed with different simulating models.
Also a new simulation method s
introduced.

The second article is from Furmanski
(1992)which  describes the effective
conduction of a heterogeneous material by
the use of the particle size. This articles
show the complexity of some mixtures.
And of course not only the heterogeneity is
present; also the latent heat factor adds
complexity. To get a good simulation of
this phenomenon the formula has to be
more complicated to take into account all
the influencing parameters.

Figure 50 shows a picture of simple
simulation of this situation what already
shows the problem.

——
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Figure 50: Model of the indicated error where heat travels around
the PCMs.
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6.6.3. Sinus measurements

The results of the sinus measurement per sample

displayed. During this
research the choice is
made to look at the
mean results of the
different similar samples.
For every type of mixture
two samples were
produced, but it is done
by making one mix to fill
both  moldings. This
means there could be an
uneven distribution of
the PCMs over the two
samples. Therefore the
mean results of the two
samples is calculated and
used to analyze the
effect of the specific
PCM-Concrete mixture.

looks likes figure 51. Here a BASF sample is

Temperature distribution through a sample (Basf 4)
30
T T T T

28—

26—

Y
R
T

Temperature [C]
N
M
T

20

16 | | L |
0 5 10 15 20

Time [hr]

Figure 51: Measurements of the 5 different thermocouples in a BASF sample.

Figure 52 shows the mean results of the sinus measurements at 4 cm into the sample. The rest of
the results at the different locations in the samples are displayed in annex 6. Several phenomena
are visible and the most important are the lower peaks of the samples with PCM in it in comparison

with the samples without PCM. Also most peaks occur later in time.

attention is the little
higher starting point of
the concrete samples.
Here the measurement
was started a bit early
what resulted in a not
fully cooled down
sample to the start
point of 15 °C. At the
other = measurement
points, similar
phenomena take place.

Besides these
phenomena some
more detailed

phenomena take place.
Therefore an analysis is
made of the most
important phenomena.

Temperature [deg C]

A last point which takes

Mean Temperature per sample type vs. Time (at4 cm)
T T T

= Concrete
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30—
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— Salca: 10%
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N
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N
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Figure 52: Mean results per sample at 4 cm.
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6.6.4. General analysis of the sinus measurements

The analysis starts at the top of the samples. As mentioned earlier in this report the surface
temperature is an

important factor in the

amount Of heat WhiCh iS 5 : : MeanT?mperalurepersarr;pleypevs,Time(?IOcm) ; ; :
= Concrete

able to enter the e

concrete. Therefore a e S Seom: 10%¢|

— Salca: 10%
~—— Light PCM

closer look was taken at
the measurement results
at the top of the 205
samples.

30

29

Temperature FC]

Figure 53 shows the
measurements which

285

represent the surface ..

temperature. Here the

most PCM-concrete &l8

mixtures have a lower N Y | | i 1

surface temperature ¢ Time ] & "

than the one without Figure 53: Surface temperature at the highest point during the measurements

PCM. Only two types of
samples show a higher

mean su rfa ce Mean Temperature per sample type vs. Time (at 10 cm)

temperature. This could % T ‘ ' ’ ! ' T—=conerete |
mean the PCM is not E.u:jf}
distributed well through 2 A Sa; 10%

~——Light PCM
— Light

the sample and therefore
no PCM is available at the
top or at least around the
thermocouple.

N
@

Temperature FC]
~N
N

The second phenomenon
is the inconsistent graph
of several samples with
PCM. Figure 54 shows 2
such an inconsistent part

of the graphs. 2 L 1

1 12 13 14

X3
o

1 L
15 16 17 18 19
Time [hr]

This inconsistent part Figure 54: clear moment where PCMs slow down the temperature change

shows the moment the

PCM starts to melt. Here the temperature changes slow down because of the latent stored heat
instead of the sensible storage. The samples without PCM do not show this inconsistency but also
the Samples with the PCM from Salca in it do not show this phenomenon. The explanation could be
the melting temperature of the PCM. The PCM from Salca has its melting temperature around 28
degrees. And as can be seen in the different graphs, this temperature is exceeded just a very short
time around the peaks. Besides, the melting of BASF PCM starts a few degrees above its actual
melting temperature. Therefore can be concluded the PCM of salca is almost not activated during
the measurements because the temperature around the PCM is to low and therefore the graph
stays consistent. This could also explain the almost similar temperature for the 5 and 10 Vol.%
samples.
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Besides the temperature
measurements, also the
heat flux of the samples is
measured.  Figure 55
shows the heat flux for
every sample during the
measurements. What can
be seen is a start in which
the samples go pretty
similar. Around the peak,
clearly more heat enters
the lightweight sample
filled with PCM and the
sample with the two 10
Vol.% of PCM. The
difference between the
BASF and Salca version is

Energy flow into the sample
150

Concrete
Basf. 5%
Basf: 10%
—— Salca: 5%
—Salca: 10%
Light PCM -
—Light

100

Q Wim?)

1% 5 10 15 20

Time [hr]
Figure 55: Heat flux into the samples.

due to the different melting temperatures. The samples with 5 Vol.% of Salca is the only one who
clearly absorbs less energy than a sample without PCM. This could be explained by the lower mass
and the high melting temperature again of the PCM.

The last graph shows
the peak temperature
distribution through the
different sample types.
As can be seen the
energy is stored more
and more in the first
part of the sample. The

temperature
differences through the
sample become

greater. This indicates
the thermal diffusivity is
lowered by the addition
of the PCMs. With the
earlier explained theory
about the desire to

Max temperature at different X through the sample
L T T T T T T
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|~ gt
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Figure 56: peak temperatures reached at different point through the sample

transport the heat as quickly as possible through the sample here can be seen the PCM has a
negative influence on it. Especially the BASF PCM makes the heat travel slowly through the sample,
what can be explained by its lower thermal conductivity. This again shows the PCM is only useful in
the first centimeters of the concrete layer.
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6.6.5. Simple calculation of the stored heat in the samples

To get an idea about how much heat can be stored
in the samples, a simple calculation is made for
the amount of heat the samples need to raise
several degrees in temperature. Normally the heat
needs time to reach al the material of the sample,
but in this case is assumed the sample is evenly
heated at al points. No time is needed for the heat
to travel through the concrete what means the
dependence of the depth into concrete is not
taken into account. This is described earlier in the
theory section and called the lumb method.

First the values of the samples are determined for
the samples with the encapsulated PCM. The
samples without PCM are not taken into account
because this calculation is done to get an idea
about the amount of heat which can be latently
stored.

J/kg.K

Temperature

Figure 57: simple representation of the C,

The C, of a PCM-concrete sample transforms with the addition of the latent factor to figure 57. From
Ato B and from C to D there is just the normal C, active but between B and C there is the melting
point what means around that temperature the latent storage capacity is available. In table 12 the C,

between A, B, C and D are given.

Table 12: Data about the samples with encapsulated PCM

Samples

BASF5 BASF10 Salca5 Salcal0
1. Measured k-value of composite’ 1.20 1.10 2.10 1.50
2. Calculated k-value of composite® 1.91 1.82 1.93 1.86
3. Calculated C, of composite without latent heat’ 898 956 873 906
4. heat of fusion of composite (J/sample) 2212 4423 4147 8294
Simple C, Graph
A-B 898 956 873 906
B-C 3110 5379 5020 9200
Cc-D 898 956 873 906
5. Measured density (kg/m?) 1957 1837 1996 1887
Calculated mass sample (kg) 0.98 0.92 1.00 0.95

If then the samples are heated from 15 to 30 degrees, the following amount of energy is absorbed
by the different samples which is displayed in table 13. Here the amount of absorbed heat by

sensible storage and latent storage are separated.

1 . . .
Measured using a device called isomet

? Calculated from the factory data by weighting the properties
* Calculated from the factory data by weighting the properties
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Table 13: amount of energy stored when heated from 15 to 30 °C

BASF 5 BASF 10 Salca 5 Salca 10
C,*15 °C(J) 13470 14340 13095 13590
Heat of fusion (J) 2212 4423 4147 8294
Total (J) 15682 18763 17242 21884

After the determination of the thermal diffusivity earlier in this chapter, the situation as described
above is not present. To get a more accurate approximation the measured thermal diffusivities and
conductivities are used to determine the C, over the different temperature ranges with the use of
equation (3).

Table 12 shows the mean thermal conductivities and table 14 shows the thermal diffusivities for the
three temperature ranges. From this data the C, can be determined for the three used temperature

ranges.

Table 14: Thermal diffusivity calculation

Samples
BASF Salca
5.00% 10.00% 5.00% 10.00%
Measured thermal diffusivities 14.00 9.50 13.50 9.00
(m?/s) 12.00 7.00  11.50 7.50
9.00 6.50 8.50 6.00

C,’s from measured diffusivities and measured k-value 437.99 630.32 779.34 883.24
() 51099  855.43 914.87 1059.88
681.31  921.23 1237.77 1324.85

With this calculated data again the amount of heat needed to heat up the sample from 15 to 30 °C,
is determined. Again the assumption is done that the samples reach completely 30 °C. The amount
of latent absorbed heat is calculated by the different amount of the C, per degree between the C,
from 15 to 20 °C and from 20 to 30 °C. From the factory data a maximal amount of latent heat can
be calculated for the sample and this result in a percentage of stored heat.

Table 15: calculation results for the different samples

15t020°C 20to30°C Part which is latently Effective percentage of
(J) () absorbed (J) max amount of latent heat
(%)
BASF 5% 2154.24 5026.55 718.08 32.47
BASF 10% 2910.11 7898.86 2078.65 46.99
salca 5% 3909.54 9178.91 1359.84 32.79
salca 10% 4188.79 10053.10 1675.52 20.20

In this table can be seen that during the sinus measurements where the temperatures are lower
through the sample, just a small amount of the latent storage capacity is used to reach a lower
temperature. This again gives an explanation of the temperature measurements between the 30 °C
and 50 °C.
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7. Conclusions

During this study the influence of PCM as an addition to structural concrete is investigated for the
thermal and structural properties.

The goal of this thesis is to get insight in how to use the PCM into the concrete as effectively as
possible. What are the advantages and what are the drawbacks.

The study is divided into two parts the strength and the thermal properties.

What is the effect on the mechanical strength?
After executing the prism and cube tests the following conclusions can be drawn:

e The addition of 5 Vol.% of PCM to the prisms reduces the compressive strength of
BASF with about 14 MPa which is 30% of its original strength and 24 MPa for Salca
which is about 50%.

e With more than 10 Vol.% of PCM added the workability has to be improved by
additional plasticizers.

e The two layer concrete cubes show a reduction of 6 MPa for Salca and 6.5 MPa for
the samples with BASF when 10 Vol.% of PCM is added to the first 5 cm of the cube.
This resulted in a decrease of one strength class when added 10 vol% to the first 5
cm of a cube.

e During the prism test the samples with BASF performs better but with the cubes the
Salca PCM performs slightly better when looking at the mean values.

e Salca tends to break apart during mixing, which means the salt could interrupt the
hydration process of the concrete.

In general the strength is reduced by the addition of PCM. By careful mixing the broken shells can be
reduced what improves the strength of the mixture. Especially with PCM made from salt hydrate, it
is important to prevent the salt from being released into the concrete during hydration.

The dual layer concrete elements are an interesting compromise between improvement of the
thermal properties and the reduction of strength.

What is the thermal effect of the mixture?
Two tests are performed. First the determination of the diffusivity

o The thermal diffusivity does not react as expected. The calculated diffusivity is still
similar above the melting point as during the melting point.
e Reasons for the diffusivity
o Moisture influences the conductivity and therefore the thermal diffusivity. Is
slightly reduced over the different temperature ranges. With 5 degrees
difference the diffusivity can be changed with 1¥*10*-7 m*/s.
o During the higher temperatures between 30 and 50 degrees Celsius the
melting process of PCM is still working. Not all PCMs were melted when the
measurements started.
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e The description of the mixture by its combined thermal diffusivity is not suited to
completely describe the behavior of the PCM-concrete because of the complex
melting trajectory of the PCM.

The day simulation

e With the addition of PCM, the surface temperature decreases with 0.1 to 1 °C. Only
exception is the Salca samples with 10 Vol.% which rises 0.2 °C. The exception is the
cause of bad distributed PCM over the concrete.

e Most samples absorb and release more heat during the 24 hours than the samples
without PCM. Salca samples with 5 Vol.% are the exception due to the high melting
temperature. The most heat is absorbed by the lightweight concrete version.

e BASF and the lightweight aggregate perform better because of their lower melting
temperature. The period in which the temperature exceeds the 28 °C is very short.
Therefore just a little amount of heat is stored by latent heat.

Because during the higher temperature measurements the PCMs are still melting it is clear the
melting temperature of the PCM should go down to use more of its latent storage capacity. The
sinus measurements also show better performance of the PCM with the lowest melting
temperature.
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8. Discussion/advice

After performing several tests and some basic simulations some important points became clear.

The shells of encapsulated PCM should be stronger
Quicker heat entrance to the wall

Further research should be done in simulation possibilities
Implementation in active systems like HVAC.

Encapsulation of the shells
The shells of encapsulated PCM tend to break during the mixing procedure of the concrete. Also
cases are known in which the shells just dissolves in the base environment. Since the sand particles
are replaced by the PCM particles, the structural capability of the concrete is reduced, and this could
be partly solved by stronger capsules.

Heat entrance to the wall
For maximum efficiency as explained in the theory of chapter 8, it is important to lead the heat as
quickly as possible to the PCM. Therefore the heat entrance and the heat distribution, thermal
diffusivity, should be as high as possible. Since the specific heat should be as high as possible, the
conductivity should be high too. This allows heat to enter or leave the wall rapidly although a lot of
heat is also captured during its way through the concrete.

Further research in simulation
To give a good advice about the advances of the added PCM to the concrete, more insight should be
gained about the influencing factors for the efficiency of concrete. Little is known about the
influence of several factors. If then the PCM can be easily added to the simulation of a building to
predict its advantages, the possibility of using it on a large scale becomes more and more and
option.

PCM implementation in active systems
In this research the PCM is implemented in the room to control it passively. But because of the
greater possibilities in HVAC installations, it would be more desirable to use the PCMs in active
manner. More heat can be stored in PCM in comparison with water, when placed in the same size
container by making use of the right temperature and PCM. Also the interaction-problems with
surrounding materials are not present and give more freedom in choosing the ideal PCM.

In general the PCM is a promising material what has a lot of potential in the built environment. For
passive use it is interesting because it stores heat for later use instead of blocking it and consider it
lost. But to use it to the full potential in structural concrete, it should be encapsulated in smarter
capsules, which enlarge the heat flow to the PCM. The option of using it in an active HVAC system
is much easier to implement in today’s buildings and could result in greater efficiency.
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Annex 1: Possible PCMs with pro and contra’s

Organic materials within the temperature range of 15 to 30 °C.

Compound Melting Heat of Thermal conductivity Density (kg/m3)
temperature fusion
c kG Solid Liquid Solid Liquid
Paraffins
Dimethyl-sulfoxide 16,5 85,7 n.a. n.a. 1009 1009
(DMS)
Paraffin C16-C18 20-22 152 n.a. n.a. n.a. n.a.
Polyglycol E600 22 127,4 0,189 0,187 1232 1126
Paraffin C13-C24 22-24 189 0,21 n.a. 900 760
1-dodecanol 26 200 n.a. n.a. n.a. n.a.
Paraffin C18 28 244 0,358 0,148 814 774
1-tetradecanol 38 205 n.a. n.a. n.a. n.a.
Non-paraffins
Isopropyl stearate 14 -18 140 - 142 n.a. n.a. n.a. n.a.
Caprylic acid 16 148,5 n.a. 0,149 n.a. 901
Acetic acid 16,7 184 n.a. n.a. n.a. n.a.
(CH3COOH)
Glycerin 17,9 198,7 n.a. n.a. n.a. n.a.
Butyl stearate 19 140, 123 - n.a. n.a. n.a. n.a.
200
Dimethyl sabacate 21 120-135 n.a. n.a. n.a. n.a.
Lattic acid 26 184 n.a. n.a. n.a. n.a.
Vinyl stearate 27-29 122 n.a. n.a. n.a. n.a.
Methyl palmitate 29 205 n.a. n.a. n.a. n.a.
Capric acid 32 152,7 n.a. 0,153 1004 878
Inorganic materials within the temperature range of 15 to 30 °C.
Compound Melting Heat of Thermal conductivity Density
temperature fusion
Solid Liquid Solid Liquid
NaOH. 3,5H,0 15 n.a. n.a. n.a. n.a. n.a.
Na>Cr0O4.10H,0 18 n.a. n.a. n.a. n.a. n.a.
KF.4H,0 18,5 231 n.a. n.a. 1455 1447
Mn(NO3),2.6H,0 25,8 125,9 n.a. n.a. 1795 1738
FeBr3.6H20 27 105 n.a. n.a. n.a. n.a.
CaCl,.6H,0 29-30 171 -192 0,561 1,088 1802 1562
LiNO3.3H,0 30 296 n.a. n.a. n.a. n.a.
Na»S04.10H,0 32 254 0,544 n.a. 1485 1458
Na,C03.10H,0 33 251,1 n.a. n.a. 1442 n.a.
KFe(S04),.12H,0 33
CaBr2.6H,0 34 115,5 n.a. n.a. 2194 1956
LiBr,.2H,0O 34 124 n.a. n.a. n.a. n.a.
Na,HPO4.12H,0 35,5 265 - 281 n.a. n.a. 1522 n.a.
( ]
L >* )



Eutectic materials within the temperature range of 15 to 30 °C.

Compound Melting Heat of Thermal conductivity Density

temperature fusion

Solid Liquid Solid Liquid

Capric-lauric acid (65- 18 148 n.a. n.a. n.a. n.a.
35%)
Capric-lauric acid (45- 21 143 n.a. n.a. n.a. n.a.
55%)
34% Mistriric acid + 66% 24 1477 n.a. 0,164 1018 888
capric acid
66,6% CaCl,.6H,0 + 25 127 n.a. n.a. 1590 n.a.
33,3% MgCl,.6 H,O
48% CaCl, + 26,8 188 n.a. n.a. 1640 n.a.
4,3% NaCl +
0,4% KCI +
47,3% H,0
50% CH3CONH2 + 50% 27 163 n.a. n.a. n.a. n.a.
NH2CONH2
62,5% triethylolethane + 29,8 218 n.a. n.a. n.a. n.a.
37,5% urea
67% Ca(NO3),2.4H,0 + 30 136 n.a. n.a. n.a. n.a.
33% Mg(NO3)2.6H20
60% Na(CH3COO0).3 315 226 n.a. n.a. n.a. n.a.

H,O + 40%CO(N H2)2

The advantages and disadvantages of the different groups of materials of PCM.

Advantages

Disadvantages

-Freezing without much super cooling
-Ability to melt congruently

-Self nucleating properties

-Compatibility with conventional material of
construction

-No segregation

-Chemically stable

-High heat of fusion

-Safe and non-reactive

-Recyclable

- Low thermal conductivity when solid
- Volumetric latent heat storage capacity is low
- Flammable

Advantages

Disadvantages

-High volumetric latent heat storage capacity
-Sharp melting point

-High thermal conductivity

-High heat of fusion

-Non-flammable

-Change of volume is very high

-Super cooling is major problem in solid-liquid
transition

-Nucleating agents are needed and they often become
inoperative after repeated cycling

Advantages

Disadvantages

-Eutectics have sharp melting point similar to pure

substance

-Volumetric storage density is slightly above organic

compounds

-Only limited data is available on thermo physical
properties as the use of these materials are very new
to thermal storage application
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Annex 2: Materials used in tests

Cement

The cement that is used is standard Portland cement from the ENCI. The following figure is from the

producer of the cement.

Portlandcement

CEM |

CEM 1425 N

CEM I525N

CEM I525R

CEM 1525 R HES

CEM I525RLA

NI
Tethnischi Woorlicang
Pt 1133

53003 DE s Harnganbmch
Tok- 073 64012 20

Faoc 73 64012 18
bediencinl

wwwend nl

CEA Camentbesrijan
Adeling Tachnische Voarliching
Terhusinesioomweg, 1BS

1170 Brzal

T 03 ETE 35 10

Fax: 02 £75 3391
communiationiice ke
wwwtebe

Peoduciomschrijving

Poethandoament s een gris coment dat verkmgen wondt door het maken
vam di boofdcompononit portlandcemanthdinkzs: In functie van een
hepaaide maakiynhoid wondt con mment venaandipd in do stodrte-
Mazmen 42,5 of 52 5. Afhankelif van de sioridokdass wordt dit
coment golonmarnkt ak oen cament met eon nomalke of hoge begin-
sterie. Portlandoement CEM | voldoot 2an de esen zoak gesteld In de
Eurmpess comaontmom EM 1971, incesiel winpingsblad A1. Do morm
peeft olan ton @anzien van do amonsteling op bestanddelen, chami-
schw aen, mechanische o fyssche oison.

Samansicling

D bsan aan de ling 2ijn uktpodmlt i | fien oprichis
wan de som wam ale hoold- en revenbestanddalen. Dit otaal wondt
nog vermeardend met hat nodipe caldumsubizat om het kindingspedag
e rmpelen.

B | 95-100 -5

Machanische o= Brsische sisan

D sterktoldzess van eom comant bepaah de minimale dndesterido
pemeten rd 28 dagen op nomprisma's. ‘voor dke normsterkiodass
in twoe heginsterkicklrson opgenomen, een dasse met nomalke
heginstorkte zangeduid met M om oen Hasse mat oen hoge beginstorkte
aanpeduid mat R

Het begin wan de binding s een maat woor het opstfipedrag van een
oomenipasta. Aan de o van vormboudendheid moet worden voldaan

om aan te fonen dat een cementpesta niet pevoelly B voor mepansio.

415N =00 - xMWE &5 D
515N o ifi] - EE ~ 2 =10
S15R a3

Gva R

[ F i
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Spedale siganschappan

‘Coment dat woldoot 2am de in EN 1571 pestoide sison k voorzion van
oon CE-markering. Daamaast kan coment nog pecerificoord worden
lomen 1ot ulting In de rEampeving vam het coment. De raampeving &
aftankoljk van de nom op besls waarvan de spodale slgemchap s
peertiicosnd. CBR en E86C1 brenpen de wolgends typen portland-
ement CEM | op de markt

- CEM 1425 H; - CEM 1525 R HES:

- CEMIS2.5H; - CEMIS25RLA sarrvellenda infommatic

- CEMISZER; De in dit productblad gagevan
Informatie s roer algemeen on bewat

Porthindcement CEM | s kverhaar mat de volgende cortsficaton: de: miimak: eson waarazn het cemant

wodpens da misvante nomaen moet

| cemew vodan, CBF: mn ENGI procuceran s
| o | wowo | o | T ———
= re=res=1 op verschiliende bncaties. Cp azmweaag

CEMLAZSH ’ . i ex; por comanttype om por fakvick,

CEMISZSN s N " aamvulionds infomatichiadon beodhik-

CEMIS25R . . baar by 4o vermekde adreson.

CEMI | 525 RHES L] L]

CEMISZSRALA . .

Batekenis van de reampeving:

N R R N

HES Hope arven pstoricn Bfomende ok Duistarido opdéncay  MENETI- 190
= 0 M

LA Bagrnsd abalgahate Gl @an alkabin Uilgodnikt ak MEME 12 - 1029
Na, -0 %050 O masa %!

Toopassingsgablod

Dt coment wondt ncpepast b het fabricoren van batonprodecien on i pevalion ook in stortidaar betom wannaer

heat zeer kot na het storten ontkist moat worden. in stortklaar beton lan dit coment b koed weer ook Februlkt wonden in
oombinatie mat of ter venanging van oon hoogosencement om een woldoondo sterksontwildoing to verlepen. Door ket
begronsde dlaligebaite k het comant van ket bype LA peschikt voor het gebrulk met dlke tradbionele pramslaten zondor
rision woor gon reactis hesen de akalin in het comant on de granulaton (ASFD. Voor con optimaal msubtaat bi| hat pebnak
wan dit comenit in mortel of beton, moaten in o peval de ganghane ek by het aanmalion, het werwerien en da namog n
arht pomomen wordan.
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PCMs

Two encapsulated Phase Change Materials are chosen. This is one from Basf and one from Salca.
Figure 58 shows the information about the PCM from Basf. DS 5001 is the used PCM in this research.

Product Product Melting point Operational Overall siorage  Latent heat ca- Solid

Application Density

designation fype approx. range capacity approx. pacity approx.  content

Stabilisation of the indoor temperature Approx
DS 5007 Dispersion in the comfort zone 10-30C 55 kl/kg 41 kl/kg Approx 42% I]F;I?
Passive and active application :

DS 5001 Pulver 2 Summertime excessive heating protection 10-30°C 145 klkg 110 klkg 0 ?:"w:el 250_‘,?;;0:9’.“]3

Surface cooling systems 10-30°C 125 kg swwkng " ?:"“:"' 250_";'5.";";@."]_,

Figure 58: BASF PCM information

The PCM from Salca is made from Salt hydrates. The used PCM is Thermusol HD28SE. Information
about this PCM is found in the following figure.

THERMUSOL® HD28SE

MICRO ENCAPSULATED SALT-HYDRATES

Physical Properties

Physical form Fire resistant white powder
Density 1,5 kg/L

Bulk density 0,90 kg/'L

Heat storage temperature range Tm 20°C-30°C; T, 20°C (isotherm 120 min.)
Latent heat storage capacity 110 kJ/kg

Volumetric latent heat storage capacity 165 kJ/L

Specific heat capacity 2,0 kJkg K

Particle size 50-500 pm

Mechanical Strength 3

Oven Test (24 hours 50°C) Passed

Water Resistance Test Passed

Figure 59: Specification sheet of the PCM from Salca
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Lightweight aggregate

Information about the lightweight aggregate is found in the following data sheet.

Product data sheet

Type Liapor 4,5
General properites
Type of material Expanded clay
Shape spherical
Geometrical properties
Aggregate size 210 mm
Fines (= 0,063 mm) =15 M.-%
Physical properties
Loose bulk density 450+ 25 ka/m®
Particle density 240 £ 50 ka/m*®
Water absorption wag 104 M.-%
Water absorption Wsg 15+ 4 M.-%
Crushing resistance =30 Mfmm=
Freezing and thawing =210 M.-%%
resistance
Chemical properties
Chioride = 0,02 M _-%
Acid-soluble sulfur =08 M.-%
Total sulfur =10 M.-%
Chemical compaosition
Si0g h5+5 %
AlOs 24%5 %
Fe.04 145 ]
Cal 5xh kS
Trace elements 2x2 %
Other Properties
Thermal conductivity ir n.n. WimE)
Fire resistance Al (DIN 4102)
Grading (annual production statistics 2006)
100 I P =
= I | —— Nithelwert PR T
;E 80 ;_-------E%-=rak'ﬁle ,;;//
E}' &0 ;_—4——95%-Frak:ile- ',z'
S 40| L
£ 20 =2 /
[ [ Rl i
|:| PR N R R A PR T TR T TN T TR T T U N T T ST T Y T 1
0 2 4 [i] a 10
Siebweite [mm]

Figure 60: Data sheet of the lightweight aggregate
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Annex 3: Compressive/Flexure test results

The data which is collected by the Prism test and the cube test are collected here. First the prism
samples and second the concrete blocks.

Salca prism’s

Reference prisms

Prism Built Tested Width Height Length Weight Density Tensile Compressive
(mm) (mm) (mm) (9) (kg/m®) strength strength
kN MPa kN MPa
1 6-4-11 13-4-11  40.03 40.92 160.4 581.5 2213.2 2.87 6.73 69.86 43.66
69.5 43.44
2 6-4-11 4-5-11 40.6 40.88 160.4 578.2 2171.9 3.12 731 86.36 53.98
87.62 54.76
3 6-4-11 4-5-11 40.33 40.23 160.45 573 2201.1 3.12 7.3 84.56 52.85
85.86 53.66

3Vol.% prisms

Prism Built Tested Width Height Length Weight Density Tensile Compressive
(mm) (mm) (mm) (9) (kg/m®) strength strength
kN MPa kN MPa
1 28-4-11 5-5-11 40.35 41.35 160.41 549 2051.3 1.242 291 3214 20.09
34.81 21.76
2 28-4-11 26-mei 40.39 41.29 161.04 558.5 2079.6 1.831 4.29 56.83 35.52
55.95 34.97
3 28-4-11 26-mei 40.33 41.84 160.45 559.9 2068.0 181 4.24 57.69 1
52.81 33

5vol.% prisms

Prism Built Tested Width Height Length Weight Density Tensile Compressive
(mm) (mm) (mm) (9) (kg/m®) strength strength
kN MPa kN MPa
1 28-4-11 5-5-11 40.11 41.83 161.52 542.5 2001.9 1.01 2.37 2827 -
30.38 18.99
2 28-4-11 26-5-11 40.42 41.23 161.04 547.1 2038.6 1.432 3.36 46.52 29.08
1 1
3 28-4-11 26-5-11 40.35 41.07 160.9 548.1 2055.6 1.715 402 4753 29.7
48.94  30.59

10 Vol.% prisms

Prism Built Tested Width Height Length Weight Density Tensile Compressive
(mm) (mm) (mm) (9) (kg/m®) strength strength
kN MPa kN MPa
1 28-4-11 5-5-11 40.08 41 160.51 529 2005.6 1.048 246 21.27 13.29
20.57 12.85
2 28-4-11 26-5-11  40.61 41.23 160.62 535.8 1992.3 1.308 3.07 329 20.56
1 1
3 28-4-11 26-5-11  40.52 41.15 160.68 533.6 1991.7 1.198 281 30.86 19.29
30.7 19.19
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20 Vol.% prisms

Prism Built Tested Width Height Length Weight Density Tensile Compressive
(mm) (mm) (mm) (9) (kg/m®) strength strength
kN MPa kN MPa
1 28-4-11 5-5-11 40.48 40.86 161.34 513.4 1923.9 0.769 1.8 14.6 9.12
16.56 10.35
2 28-4-11 26-5-11  40.69 40.93 161.58 523.1 1943.9 0.932 219 1415 8.85
17.2 10.75
3 28-4-11 26-5-11  40.78 41.23 161.58 519.5 1912.2 0.792 186 18.12 11.33
13.01 8.13

Data Basf prism’s

3Vol.% prisms

Prism Built Tested Width Height Length Weight Density Tensile Compressive
(mm) (mm) (mm) (9) (kg/m®) strength strength
kN MPa kN MPa
1 6-apr-11  13-apr 40.07 40.54 160.23 558.6 2146.1 2.267 531 55.18 34.49
53.66  33.54
2 6-apr 4-mei 40.07 40.53 160.23 560.9 2155.5 2.7 6.33 65.46  40.92
65.85  41.16
3 6-apr 4-mei 40.25 40.14 160.31 563.7 2176.4 2.541 596 67.5 42.19
67.32 42.08

5 Vol.% prisms

Prism Built Tested Width Height Length Weight Density Tensile Compressive
(mm) (mm) (mm) (9) (kg/m®) strength strength
kN MPa kN MPa
1 6-apr-11  13-apr 40.05 40.76 160.27 549.5 2100.2 2183 512 4738 29.88
49.46  30.91
2 6-apr 4-mei 40.16 40.21 160.37 552 2131.5 2.403 5.63 5941 37.13
61.86  38.67
3 6-apr 4-mei 40.26 39.57 160.42 546 2136.5 2446 573 5893  36.83
62.01  38.75

10 Vol.% prisms

Prism Built Tested Width Height Length Weight Density Tensile Compressive
(mm) (mm) (mm) (9) (kg/m®) strength strength
kN MPa kN MPa
1 6-apr-11  13-apr 40.05 40 160.38 528.9 2058.5 2.073 486 42.77 26.73
42.30 26.44
2 6-apr 4-mei 40.14 40.32 160.45 534 2056.4 2158 5.06 52.84  33.03
53.25  33.28
3 6-apr 4-mei 40.32 39.94 160.53 531.2 2054.8 2302 54 4895  30.59
51.24  32.03
[ o)




20 Vol.% prisms

Prism Built Tested Width Height Length Weight Density Tensile Compressive
(mm) (mm) (mm) (9) (kg/m®) strength strength
kN MPa kN MPa
1 6-apr-11  13-apr 40.19 40.36 160.49 495.9 1904.9 1.555 3.64 30.39 18.99
30.06 18.79
2 6-apr 4-mei 40.07 39.34 160.4 501.6 1983.8 1.788 419 35.92 22.45
38.32 23.95
3 6-apr 4-mei 40.04 39.94 160.51 484 1885.6 1.348 3.16 30.09 18.81
33.25 20.78

Results from the concrete block measurements

Depth Width Height Volume Mass Pressure Density

(mm) (mm) (mm) (m’) (kg) (kN) (kg/m3)
B1-1 152,1 149,9 150 0,003419 8,218 1189,3 2403,7
B1-2 151,6 149,9 150,4 0,003416 8,172 1180,1 2392,1
B1-3 150,3 152,7 150 0,00344 8,216 1133,7 2388,1
Basf B2a-1 150,8 150,2 150,3 0,003404 8,106 1094,3 2381,1
Basf B2a-2 149,7 150,5 150,2 0,003384 8,061 1055,1 2382,1
Basf B2b-1 151,4 150,5 150,4 0,003427 8,124 979,8 2370,6
Basf B2b-2 150,2 150,6 150,4 0,003401 8,069 1063,5 2372,6
Salca B3a-1 151 150,5 150,4 0,003417 8,107 1137,7 2372,7
Salca B3a-2 152,3 150,5 150,2 0,003442 8,267 1165,2 2402,1
Salca B3b-1 151 150,5 150,2 0,003413 8,155 1078,7 2389,1
Salca B3b-2 150 150,1 150,3 0,003383 8,075 990,6 2387,0
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Annex 4: building samples

To build samples with thermocouples on the right places a special mold is made. The basis is made
of a wooden plate with a thin wooden plate with holes in it on top. These holes are made with a
special round drill to ensure a perfect
fitting shape. The sides are made from
PVC. These pipes are available in standard
measurements of & 80 mm.

These pipes are cut in parts of 10 cm
which are cut in half again. Figure 61
shows the parts that are made of PVC in
red. The green part is the sample with its
thermocouples.

The two parts are hold together by a PVC
clamp which is normally used for
attaching a rain pipe against a house. The
PVC mold is than glued to the wooden
plate where a plastic cover is placed over
the basic plate.

Figure 61: Exploded view of the mold

For the placement of the thermocouples holes are drilled into the plastic mold. When a layer of
concrete is casted, the thermocouple is laid on top of the concrete before a next layer of concrete is
placed. In this way the sample is built.

To make sure the thermocouple does not move, on one side the couples are taped to the mold and
with a very small fish line the couple is pulled to the middle of the mold. Figure 62 shows how this is
done.

Fish line

Thermocouple

PVC mold sides

T

_I sssssssmmmm——  1hin wooden layer with holes

I
Wooden base

Figure 62: Section of the used mold for the samples

After the molds were filled they are placed in a room which had a constant temperature of 20 °C.
The molds were covered by plastic foil to prevent too much moisture to evaporate.




Annex 5: Building of the thermal setup

In this setup is created a semi- adiabatic
condition. This is done to get a very constant and
predictable surrounding. With an adiabatic
surrounding there is no heat loss to the
surroundings and no air flow which could
influence the results. To create this semi-
adiabatic condition the samples are placed in a
box made of styrodur. This highly isolating
material has a very low k-value which means
almost no heat can cross the material. Figure 63
shows the size of the box. In Figure 64 the box is
opened.

From top to bottom it is a heat exchanger, heat
flux measurement plates and the sample.

The heat exchanger is controlled by a Thomson
heater which is shown in Figure 66. To regulate
the heater, a computer is connected to the
heater which controls what temperature the heat
exchanger is set to.

For measurement of the thermocouple voltage a
measurement device which is built at the
university is used. Figure 65 shows the whole
setup with the blue tower in which this device is
placed. This device is connected to a computer to
collect the data.

Figure 65: Complete setup as used at the university

240 120

160 80 80 80 160

560

Figure 63: Section of the box with samples in it

Figure 66: Thomson heat regulator




Annex 6: measurement results sinus

Mean measurement results of the different thermocouples in the samples.

Mean Temperature per sample type vs. Time (at 0 cm)
32
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Annex 7: thermal diffusivity scatters

In the following graphs the differences between measurement and simulation are shown. Some data
was not collected properly and is left away in this report.
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