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Summary
Summary
This thesis focuses on the synthesis and development of passive thermal energy storage
composites for building applications in order to increase the energy efficiency in
dwellings. The development of building composites containing PCMs is being
extensively studied, however, some current problems must be addressed, such as the
leakage of the PCM from the carrier matrix, low enthalpies of transition, detriment of the
mechanical properties or lack of knowledge about the effects of the PCM on the final
composite properties, among others.
The developed composites tackled in this PhD thesis are based on diverse building
elements to cover the varied requirements which may arise in a sustainable building
construction, such as RPU foams, gypsum and bricks. The incorporation of PCMs has
been made by using mSD-(LDPE·EVA-RT27) and Polymeric-SiO2-PCMs microcapsules,
synthetized in two pilot plants at the Instituto de Tecnología Química y Medioambiental,
ITQUIMA (UCLM), based on different techniques. In the case where the microcapsules
addition was not possible to accomplish, a new ssPCM was manufacture whose properties
make this material ideal to be adsorbed by capillary action and further solidified into a porous
matrix.

RPU foams containing between 0 and 50% by weight of mSD-(LDPE·EVA-RT27)
were synthesized. The latent heat of this composite was higher than those values reported
in literature for thermoregulating RPU foams using MicroPCMs. Moreover, Gibson and
Ashby formulations and the Kerner equation for mechanical properties of composites
were used to predict the Young’s moduli and collapse stress.
At full-scale the RPU foam composites containing 30 wt% mSD-(LDPE·EVA-RT27)
exhibited a high thermal damping behavior during the day, however, a loss of insulating
capacity was observed at night related with a large density and hence, high thermal
conductivity of the composite foams containing large amount of microcapsules.
In order to decrease the density of the foam composites the foaming formulation was
optimized,

and

different

low-pressure

operational

conditions

were

tested.

Notwithstanding the achieved lower densities, a deleterious impact on the RPU foams
thermal conductivity was observed when low-pressure operational conditions were used,
probably due to the removal of the CO2 formed during the foaming reaction.
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By using the proper amount of surfactant, suitable isocyanate:polyol mass ratio and a
combination of Tegoamin BDE and Tegoamin 33 for the synthesis of RPU foams
containing 25 wt% of microcapsules was possible to achieve a composite able to work as
heat accumulator and thermal insulation both at transient and at steady state.
The incorporation up to 45 wt% of Polymeric-SiO2-PCMs/Hemihydrate into gypsums
has been achieved by varying the water/hemihydrate mass ratio up to 0.8. The effect of
the selected microcapsules on the gypsum properties was previously studied and
compared with another three kind of microcapsules. Polymeric-SiO2-PCMs particles have
a better distribution on the needle crystals structure than the exhibited by the other
particles, in addition the mechanical properties were also less affected by the addition of
Polymeric-SiO2-PCMs than by the other kind of studied particles.
The physical, mechanical and thermal properties of the obtained gypsum composites
were tested. Finally, a series-parallel model combined with Rayleigh or Lewis-Nielsen
models was proposed in order to predict the effective thermal conductivity of the gypsum
composites as function of their porosity and microcapsules content.
On the other hand, the incorporation of PCMs into porous bricks was performed with
a previous synthesis and study of a ssPCM based on PEG as heat storage material and
SiO2 as stabilizer compound obtained by sol-gel method. With a molar ratio
H2O:EtOH:H2SO4:PEG1000:TEOS of 2:0.34:0.021:0.50:1 and an equivalent ratio
NaOH/H2SO4 of 1.15 for promoting the gel step a ssPCM having a latent heat up to 113.8
J/g was synthetized. The influence of gelation step on the final ssPCM properties and the
role of the hydroxyl groups density of the silica matrix on the stabilization of PEGs were
addressed.
The long gelation time and low initial viscosity of the proposed ssPCM in the sol form
allowed the preparation of a new form-stable PCM. The sol is adsorbed by the brick and
further gelled in their inner structure by controlling the pH of the medium, leading to a
material of high physical and thermal stability. This way, different composites containing
between 15 to 110 wt% of ssPCM respect to the initial dried mass of brick have been
obtained, testing the viability of both techniques, immersion and vacuum impregnation.
The effective diffusion coefficient (Deff) of the obtained composites was estimated by
means of the Fick´s second law and the orthogonal method as strategy for solving the
problem, obtaining a good fitting between experimental and theoretical data. The
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relationship between Deff and the porosity () was also analysed, being possible to obtain
only one global diffusion coefficient (DAB) to predict Deff as function of  for porosities
below 0.7.
Besides, all the samples exhibited a high long-term thermal stability influenced by the
additional stabilizer effect of the ceramic matrix and improved thermal properties that
make these composites suitable for being used in passive buildings.
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INTRODUCTION

Chapter 1
1.1.Motivation and background
Sufficient and safe energy is the main facilitator of the welfare and economic
development of a society. As energy-related activities have significant environmental
impacts, it is essential to provide an energy system that meets the needs of economies and
the preservation of the environment.
In this regard, Paris Agreement on climate change was recently signed in 2015 and
formally ratified by the European Union in October 2016. It requests a major effort from
every subscribed nation on trying to avoid effects derived from global warming. General
line of action is included in the Lima to Paris Action Agenda (LPAA) in which many
initiatives set energy efficiency as the main source of emission reductions.
The energy performance of buildings is a key point to achieve these targets since
energy use in buildings and for building construction represents more than one-third of
global final energy consumption and contributes to nearly one-quarter of greenhouse
gases (GHG) emissions worldwide. To achieve a significant reduction of energy
consumption in buildings, innovative technologies must be implemented and integrated
into the concept of “sustainable building”. One of the most relevant of these emerging
technologies is the use of phase change materials-based passive uptake of solar energy,
especially attending to the large surface of dwellings exposed to the sun.
A phase change material (PCM) is a substance with a high latent heat value that can
store and release large amounts of energy when temperature undergoes or overpasses the
melting point of the material. Their ability to exchange great amounts of thermal energy
in a narrow interval of temperature makes PCMs-based systems ideal for those
applications in which a compromise between thermal comfort and energy saving is
pursued. The integration of PCMs into construction materials minimizes the peak
temperatures throughout the day, decreasing temperature fluctuations and therefore
reducing the energy consumption of heating and cooling devices.
The development of building composites containing PCMs is being extensively
studied, however, some current problems must be addressed, such as the leakage of the
PCM from the carrier matrix, low enthalpies of transition, detriment of the mechanical
properties, unsuitable thermal conductivity or high production costs, among others. In
addition, the synthesis of PCMs with new and improved properties would allow their
incorporation in building elements where, up to now, was not possible to do it.
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This thesis has been carried out under the direction of Dr. Juan Francisco Rodríguez
Romero and Dr. Manuel Salvador Carmona Franco in the facilities of the Institute of
Chemical and Environmental Technology, and has been possible thanks to the financial
support from the grant from the University of Castilla-La Mancha for the thesis studies
of Angel Serrano.
1.2.Objective and scope of the research
According to the efforts focused on the increase in energy efficiency in buildings, the
main aim of this thesis is the development of a range of various composites containing
PCMs for the passive thermal energy uptake. These composites are based on diverse
building elements to cover the varied requirements which may arise in a sustainable
building construction.
The building elements selected as carrier matrix for the PCM incorporation were rigid
polyurethane foams (RPU), gypsum and bricks. For the two first elements, RPU foams
and gypsum, the addition of PCM was made by means of a previous microencapsulation.
The Department of Chemical Engineering of the UCLM has an extensive experience both
in developing and in producing thermoregulatory microcapsules by chemical (suspension
polymerization) and physical (spray-drying) methods. Therefore, considering the
advantages offered by these kinds of microcapsules, their addition into RPU foams and
gypsum boards was inquired and optimized. On the other hand, due to the difficulty for
carrying out the incorporation of microcapsules into the bricks a new shape-stabilized
PCM (ssPCM) was proposed. This developed material takes advantage of the brick
porosity, being adsorbed by capillary action in its liquid state and further solidified inside
the brick by controlling the gelation time. The combination of these materials leads to
what is known as a new form stable PCM not previously reported.
In order to achieve the aim, the research work was structured into the following
specific objectives:
•

Production of RPU foam composites having large TES capacities by adding
microencapsulated PCM. Studying the microcapsules effect on the thermal
enhancement and the role of the microstructure on the mechanical properties
of the RPU foam containing thermoregulatory microcapsules.

•

Tested of the obtained RPU foam composites at full-scale in the Demo Park
of ACCIONA, Algete, Spain.
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•

Combination of both, thermal energy storage and insulating capacity in RPU
foams. Optimization of the foaming formulation and use of low-pressure
operational conditions in order to decrease the final composite density.

•

Development of gypsum composites with high TES capacities through the
addition of thermoregulatory microcapsules containing SiO2. Comparison of
the effect of this kind of microcapsules on the structure, mechanical and
thermal gypsum properties with the effects produced by another three
different types of microparticles.

•

Increasing the amount of the most suitable type of thermoregulatory
microcapsules into the gypsum composites by varying the water/hemihydrate
mass ratio. Studying the effect of the large PCM incorporation on the porosity
and density, as well as on the mechanical and thermal properties.

•

Synthesis of an in-situ ssPCM based on PEG and SiO2 by sol-gel method.
Control of the ssPCM gelation time for its further incorporation in porous
materials by capillary action. Studying the effect of the condensation step on
the thermal properties of the ssPCM.

•

Development of a new form-stable PCM based on bricks through the
incorporation of the previously synthetized ssPCM. Selection of the optimal
technique among vacuum impregnation and immersion for the ssPCM
addition. Analysis of the porosity effect on the sol diffusion through the solid
matrix.

1.3.Thesis structure
The thesis is divided in 9 chapters. Chapter 1 introduces the general framework in
which the thesis is encompassed, presenting the main motivation and the addressed
objectives.
Chapter 2 focuses on the need for increasing the energy efficiency in buildings. This
chapter outlines the main thermal energy storage systems, highlighting the phase change
materials, the methods for their incorporation into different building materials and the
integration of the obtained composites in passive systems.
The thermoregulatory microcapsules and the chemical compounds utilized for the
development of the studied composites, as well as the experimental setups, procedures
and characterization methods used during the thesis are gathered in Chapter 3.
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The results have been exposed and divided in 5 chapters. The development of RPU
foams containing up to 50 wt% of thermoregulatory microcapsules is addresed in
Chapter 4. The improvements achieved in the thermal properties of these composites are
examined in deph, moreover a mathematical model was proposed in order to quantify the
total amount of PCM melted during the thermal tests. In the same way, the influence of
microcapsules on the foams density, microstructure and mechanical resistance was
studied. With the microstucture characteristics, Gibson and Ashby formulations and the
Kerner equation for mechanical properties of composites were used to predict the
Young’s moduli and collapse stress. Finally, the selected RPU foam composite was tested
at full-scale in the Demo Park of Acciona, Algete, Spain.
The drawback found in the previous chapter is tackled in Chapter 5. In this chapter
the foaming formulation is optimized, in addition different low-pressure conditions are
checked as operational pressure in order to obtain lighter RPU foams which combine
both, thermal energy storage and insulating capacities.
In Chapter 6 thermoregulatory microcapsules containing SiO2 are added into gypsum
composites. The effect of these microcapsules on the gypsum crystals, thermal and
mechanical properties are studied and compared to those caused by another three kinds
of thermoregulating materials. The selected optimal microcapsules were used for carrying
out the incorporation of larger amounts of particles into the gypsum by increasing the
water/hemihydrate mass ratio. Finally, a series-parallel model combined with Rayleigh
or Lewis-Nielsen models is proposed in order to predict the effective thermal conductivity
of the gypsum composites as function of their porosity and microcapsules content.
Chapter 7 deals with the synthesis of in-situ shape-stabilized PCMs based on PEG
and SiO2 by sol-gel method. The influence of gelation step on the final ssPCM properties
and the role of the hydroxyl groups density of the silica matrix on the stabilization of
PEGs are addressed.
Finally, the addition of the previously synthetized ssPCMs in ceramic elements having
large porosity has been carried out in Chapter 8. In that way, a novel form-stable PCM
based on bricks is developed. Different porosities are tested in order to study their
influence on the adsorption capacity and thermal properties of the final composites.
Furthermore, the diffusion process is analysed in depth, using the Fick´s second law and
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the orthogonal method as strategy for estimating the effective diffusion coefficients and study
their relationship with porosity.

The most important conclusions and the recommendations for future work are gathered
in Chapter 9.
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2

STATE OF ART

Chapter 2
2.1.Energy problem
According to the European Commission, about security of energy supply and
international cooperation, the rise of population and the increase in the standards of living
could push global energy demand up by 40% by 2030 [1,2]. This energy consumption is
a threat to climate systems, environment and human health [3]. The current social interest
about the consequences of global warming is increasing the regulation requirements for
the energy consumption in most of the developed countries.
In this regard, Paris Agreement on climate change was recently signed in 2015 and
formally ratified by the European Union in October 2016. It requests a major effort from
every subscribed nation on trying to avoid effects derived from global warming, being its
prior goal to hold the increase in the global average temperature to well below 2 °C above
pre-industrial levels and pursuing efforts to limit it up to 1.5 °C [4].
General line of action is included in the Lima to Paris Action Agenda (LPAA) in which
many initiatives set energy efficiency as the main source of emission reductions,
including electrical appliances, urban districts, industrial, transport and fuel facilities [5].
One of these initiatives launched at the 21st Conference of the Parties (COP21), as part
of the LPAA, is The Global Alliance for Buildings and Construction (GABC) which tries
to push every state and organization involved in the agreement to the achievement of the
low-carbon and energy transition through the development of appropriate policies for
sustainable and energy efficient buildings [6].
2.2.Buildings as key factor
Building energy efficiency is becoming a priority for a global sustainable development
since they represent 40 % of the Union’s final energy consumption. An average European
dwelling currently uses 15-20,000 kWh per year of energy for space heating, domestic
hot water and space cooling purposes [7]. Moreover, approximately 85% of the existing
dwellings were built before 1990 with poor façade and roof insulation [8]. Due to this
weakness much energy is wasted when operating auxiliary heating and air conditioning
installations. Therefore, Member States should establish a long-term strategy to stimulate
the investment in the renovation of residential and commercial buildings to improve the
energy performance of the building stock. This strategy should lead to a renovation that
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reduces energy consumption of a building by a significant percentage compared with the
pre-restoration levels reaching a very high energy performance [9].
To achieve a significant reduction of energy consumption in buildings, innovative
technologies must be implemented and integrated into the concept of “sustainable
building” [10].
Within the framework of “Sustainable Building” there are four ways to reduce the
dwelling energy consumption, mitigating the CO2 emissions at the same time: design and
suitable orientation for harnessing solar energy; low embodied energy materials during
the building construction; energy efficient domestic appliances; and technologies based
on renewable energy [11].
Therefore, harnessing of natural resources and consumption minimization are the best
technique for energy preserving. In that way in sustainable buildings, thanks to its design,
the efforts are focused on taking advantage of the solar energy, using it for electricity,
heating and cooling.
The time-dependency of solar radiation is the main problem of this energy source, with
an intermittent and variable character with the peak solar radiation occurring near noon
thus, for an efficient use it needs to be collected, stored, and distributed in the form of
heat [12,13].The storage of solar energy can be possible by active or passive systems.
In active system solar collectors are used containing a fluid (usually water or air) which
is heated by the incidence of sunlight. Subsequently this fluid releases its heat to a thermal
storage device or to an ongoing process.
The passive system works through architectonic elements or various operating
strategies independents of any mechanical element for the transformation of solar
radiation.
2.3.Methods for thermal energy storage
Thermal energy storage (TES) by passive energy uptake is one of the most potential
methods to increase the performance of energy conversion [14]. The thermal energy
storage can be achieved by chemical reaction, cooling, heating, fusion, solidification or
vaporization of a compound with an energy which can be available as heat. The energy
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storage can be due to a change in internal energy of a material as thermochemical, sensible
heat (SHTES) or latent heat (LHTES) [15].
2.3.1. Thermochemical
Thermochemical systems are based on the energy absorption and release due to
reversible breaking and reforming molecular bonds. They allow to work in a wide range
of temperatures (-40 ºC to 200 ºC) and the heat losses during the process are small [16].
The stored heat is dependent on the amount of stored material (m), the endothermic heat
of reaction (Δhr), and the extent of conversion (ar) [17]:
𝑄 = 𝑚𝑎𝑟 ∆ℎ𝑟

(2.1

2.3.2. Sensible heat thermal energy storage
In sensible heat thermal energy storage (SHTES), the energy is accumulated by
increasing the temperature of a solid or liquid, using the heat capacity and the temperature
change of the material during the process but without phase change. This process is based
on the sensible heat uptake through radiation, conduction or convection when the
temperature of the material increases, and the sensible heat release through the same
mechanism when the material cools.
The amount of accumulated heat is function of the specific heat of the material, the
temperature change and the mass of the storage media, and it can be quantified by the
following expression [15]:
𝑇𝑓

𝑄 = ∫ 𝑚𝐶𝑝 𝑑𝑇

(2.2

𝑇𝑖

where Q is the amount of accumulated heat (J), Ti the initial temperature (ºC), Tf the final
temperature (ºC), m the mass of the storage material (kg) and Cp the specific heat (J/kgºC).
Nowadays, the conditioning through sensible heat is carried out by direct-gain
systems, indirect-gain systems or mixed-gain systems (a combination of the previous
two).
Direct-gain system, whose most characteristic element is the window, allows solar
radiation to directly influence in the space required to be heated. It is also a way to
exchange heat with the outside, being this exchange in both directions [18]. Trombe wall,
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as representative element of indirect-gain systems, is a collector-storage wall placed
between the glazing and the interior of the home. It is based on the direct solar uptake and
the air circulation favoured by the different densities of the hot and cool air, promoting
air flows [19]. Mixed-gain systems take advantage of the benefits of the previously
commented systems.
The large mass or volume required to store the energy is the main problem of these
systems, moreover high energy losses are produced regarding to the temperature variation
of the storage mass. As the temperature increases with the quantity of thermal energy
stored the energy losses also grow. In order to prevent large heat losses, the container of
the thermal energy storage material must be carefully insulated to reduce heat
transmission and hence the loss of energy, increasing in that way the efficiency of the
thermal energy storage system.
Another drawback is that the heat transmission by conduction through solids tends to
concentrate the energy in the superficial layers and both the load and the discharge of
energy are made at variable temperature, since that is the fundamental essence of the
sensible systems, so they will never work under constant comfort conditions [20].
2.3.3. Latent heat thermal energy storage
One of the thermal energy storage methods that has raised more interest in the last
decades is carried out by means of latent heat. In latent heat thermal energy storage
(LHTES), the heat absorption or release takes place when the material undergoes a phase
change from solid to liquid or liquid to gas and conversely. These compounds keep a
constant temperature during the phase change whilst they store or release energy. This
represents a higher energy density compared to any other thermal energy storage method.
In addition, the energy losses derived from the temperature variation are reduced [21].
This kind of materials allow the selection of the working temperature according to the
necessities. The storage capacity of a LHTES system can be describe as:
𝑇𝑚

𝑇𝑓

𝑄 = ∫ 𝑚𝐶𝑝 𝑑𝑇 + 𝑚𝑎𝑚 ∆ℎ𝑚 + ∫ 𝑚𝐶𝑝 𝑑𝑇
𝑇𝑖

(2.3

𝑇𝑚

where the first and last integrals refer to the sensible heat of the compound before and
after the phase change respectively, and the central term corresponds with the proper
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phase change. Tm (ºC) is the melting point of the material, Δhm is its phase change enthalpy
and am the extent of the phase change.
The materials which present this type of thermal energy storage are known as phase
change materials (PMCs). They exhibit a high thermal efficiency due to their large energy
storage capacity in a shorter range of temperatures than the showed by SHTES. Therefore,
less volumes of material are required to store the same amount of energy [22].
One of the most interesting applications that PCMs could present is its application in
buildings where the solar energy is stored during the day and its release during the night,
thus increasing the comfort of dwellings and contributing to reduce greenhouse gas
emissions because solar energy is a clean and renewable energy source [23].
2.4.Phase change materials (PCMs)
Phase change materials have been already used since before 1980 for thermal storage
in buildings [24], and currently the attention has focused on them due to the high thermal
efficiency that PCMs allow to achieve, decreasing the energy crisis [25].
A phase change material (PCM) is a substance with a high latent heat value that can
absorb, store and release large amounts of energy when temperature undergoes or
overpasses the melting point of the material. PCMs melt and absorb in an endothermic
process the excess of heat when the surrounding temperature increases above its melting
point, on the other hand, when the temperature drops below the melting point, the PCM
solidifies releasing its heat of fusion to the environment [26] (Figure 2.1). Because these
materials are based on the latent heat, during the phase changes the temperature of the
PCM and therefore that of its surroundings, remains practically constant, reducing the use
of air conditioning systems or heating when the system is applied in buildings.

Figure 2.1. Scheme of how a PCM works [27].
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For their implementation PCMs must meet some requirements with regard to [15]:
•

Thermal properties: the melting point must work within the desired operative
range, a high latent heat per unit volume, high specific heat and high thermal
conductivity for both phases.

•

Physical properties: congruent melting, small phase change volume and high
density.

•

Kinetic properties: absence of supercooling or subcooling, high nucleation
rate and proper crystallization.

•

Chemical properties: long term chemical stability, complete reversibility of
phase change, proper compatibility with the building material, non-corrosive,
non-toxic, non-flammable and non-explosive.

In addition to the above requirements, PCMs must be available in large quantities and
at low cost.
The use of these materials promotes the reduction of the energy demand peaks, which
results in energy costs and thermal conversion equipment savings [14].
PCMs can be classified according to their state of aggregation as gas-liquid, solid-gas,
solid-liquid or solid-solid system. The implementation of gas-liquid or solid-gas systems
is limited for thermal energy storage systems, because, even having high latent heat
values, the large volumes of change associated with the transition phase are unworkable.
In solid-liquid or solid-solid transitions the phase change volume is small, this makes that
kind of PCMs attractive from an economic point of view and also practical for its role as
thermal energy storage system in spite of their lower latent heat [28].
2.4.1. Solid-liquid PCM
The thermal storage capacity of solid-liquid PCMs is based on the phase change latent
heat from solid to liquid and vice versa. Different kind of solid-liquid PCMs are used for
thermal storage and they are classified into three groups according to their nature: organic
PCMs, further divided into paraffine or non-paraffine systems, inorganic PCMs (hydrated
salts and alloys), and eutectic PCMs [17].
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a) Organic PMCs
Paraffins are one of the most used compounds for thermal energy storage due to their
availability and low cost. Moreover, they exhibit a suitable thermal storage capacity, with
latent heats up to 200 kJ/kg and high chemical stability [29]. They are safe, odorless,
tasteless, non-toxic and non-corrosive products, having a good compatibility with other
materials and high availability over a large range of melting points (from -10 to 90 °C).
On the other hand, they are flammable (with flash point between 150 and 200 °C), have
a relatively large volume change during the phase transition and have a low thermal
conductivity (around 0.2 W m-1 K-1). Paraffins are obtained from crude oil distillation
and constituted of a mixture of different hydrocarbons. Their melting point is related with
the length of the hydrocarbons chain, consequently there is a wide range of paraffins with
different melting points.
Fatty acids and their esters, alcohols and glycols are mainly the compounds coverage
by the non-paraffins group. They have some characteristics in common with paraffins,
which makes them particularly attractive, highlighting the fatty acids with melting range
from 8 to 65 ºC and latent heat range from 150 to 247 kJ kg-1 for building applications.
They are produced from vegetable and animal oils, being consequently more
environmentally friendly, but at the same time more expensive. They are less flammable
than paraffins but mildly corrosive [17,30].
b) Inorganic PCMs
Inorganic PCMs exhibit some enhanced properties compared with organic PCMs, such
as higher phase change enthalpy and thermal conductivity (almost twice the thermal
conductivity of paraffin) as well as non-flammability. However, their application is
limited by some disadvantages such as subcooling, water solubility, corrosive nature,
phase separation, lack of thermal stability and and phase change volumes higher than 10%
[31]. Low-cost salt hydrates and alloys of inorganic salts and water should be pointed out
as the most common compounds in this classification, with a melting point between 0 and
99 ºC [30]. The phase change consists of hydration and dehydration of the salt which can
melt to a salt hydrate, having less water or to an anhydrous form where salt and water are
separated. This process reduces the nucleation properties of salts, which makes them
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susceptible to subcooling, moreover some salts do not recrystallize completely after each
cycle, hence they lose latent heat storage capacity [17,32].
c) Eutectic PCMs
Eutectic materials are mixtures of two components with a melting point lower than the
one exhibited by the raw materials separately [32]. According to the nature of their
composition they are classified as organic-organic, inorganic-organic and inorganicinorganic [33]. Fundamentally, they melt and solidify without segregation, forming a
proper mixture which act as single component. The wide range of possibilities of mixtures
facilitate the development of tailored materials for specific applications, where an exact
melting point or latent heat is required [34-36].
Despite the fact that for many years the focus was on solid-liquid PCMs due to their
high density of latent heat and their small phase change volume some problems are
associated with their use, being the most relevant the leakage that the PCM shows during
the phase transition [37]. In that way, solid-liquid PCMs must be encapsulated previously
to be incorporated into building materials [38].
2.4.2. Solid-solid PCM
Solid-solid PCMs can be a suitable substitute for solid-liquid PCMs for some specific
applications. A broad range of materials undergo a reversible change in the solid phase
change, but only a few have enough latent heat to be potential heat storage materials [39].
They can be classified into three groups according to their nature: inorganic solid-solid,
some certain hydrocarbon molecular crystals and polymer based solid–solid PCMs [40].
Compared with solid-liquid PCMs, in solid-solid PCMs the phase change volume is
smaller, without leakage, so an additional container is not required to seal it, there is not
gas or liquid generation, easily preparing in desired dimensions and a longer useful live.
Nevertheless, numerous defects have been also registered in these materials, such as high
phase change temperature, low latent heat, unstable thermal properties which is not viable
for low thermal applications and high subcooling [41-43].
2.5.Shape-stabilized phase change materials (ssPCMs)
Shape-stabilized phase change materials (ssPCMs) are a kind of compounds whose
properties are lying between solid-solid and solid-liquid PCMs. They are compounds
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formed by an organic substance working as phase change material and a supporting
matrix that provides structural strength and prevents the leakage of the melted organic
component (usually inorganic materials or polymers with high melting point) [44]. They
preserve the solid state even though the phase-change substance turns from solid to liquid
[45]. ssPCMs do not require any extra encapsulation, being considered as cost-effective
[46].
2.5.1. Synthesis of ssPCMs
There is a wide range of methods to prepare shape-stabilized PCMs.
a) Solution blending
In this technique some polymers are mixed assisted by a proper solvent and further
dried, obtaining an homogenous material with controlled thermal properties as a result of
combining polymers with different molecular weight or nature. In this regard, Cemil
Alkan et al., in 2012 studied the potential as thermal energy storage material of blends of
polyethylene glycols (PEGs) with different molecular weights, using acrylic acid
polymers to form complexing blends. The complexing blends are composed by polymers
with donor or acceptor groups in their chemical structures. Their interaction is given by
hydrogen bonding complexes, polyelectrolyte complexes, stereocomplexes and chargetransfer complexes. In addition to the variation of molecular weights, they use the known
interactions between acid groups with PEGs in order to control their melting point [46].
b) Melt blending
This process is based on the different melting point of diverse polymers. The polymer
with the highest melting point is used as supporting material, whereas the one with the
lowest melting point works as PCM. They are mixed at high temperature and then cooled.
The supporting polymer must have a temperature of fusion enough high to withstand the
working temperature of the final ssPCM. Melt blending method was used by Wen-long
Cheng et al. in 2010 to produce ssPCMs through a mixture of paraffine and high density
polyethylene, moreover they were able to obtain a ssPCM by adding expanded graphite
with a the thermal conductivity more than 4 times higher than the one without additives
[47] (Figure 2.2).
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Figure 2.2. Photograph of a ssPCM [47].

c) Chemical precipitation
Seeking to continually improve ssPCM properties, this technique changes the
supporting matrix from organic compounds to inorganic ones. Due to their flame
retardancy properties, mechanical strength and thermal conductivity, inorganic materials
present better properties for construction than the organic ones. Between the different
options, SiO2 is one of the most used material as supporting matrix for ssPCM synthesis.
Chemical precipitation is a cheap and facile route to prepare SiO2 with desirable
properties. In this process the SiO2 is synthetized by treating sodium silicate (water glass)
with inorganic acid or suitable salts during the precipitation. Through this method Ruilian
Luo et al. in 2015 synthetized a novel ssPCM based on paraffin and SiO2 following the
route described in Figure 2.3. They obtained a ssPCM with a latent heat around 110 J/g
and a melting point between 23 to 26 ºC. Furthermore, the ssPCM encapsulation
efficiency was 62% with a good thermal stability [48].

Figure 2.3. Flowchart for the preparation of paraffin@SiO2 ssPCM [48].
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d) Sol-gel method
Sol-gel method is one of the most widely used technique attending to its simplicity,
low temperature and low cost [49]. This method is ideal to synthesize organic-inorganic
hybrid materials by enmeshing different organic substances in the glassy matrix allowing
the modification of the properties of the sol-gel product [50]. This technique consists in
the synthesis of amorphous and polycrystalline materials at low temperature through the
preparation of a sol, the gelation of the sol, and the elimination of the solvent [51].
By means of this method Guiyin Fang et al., 2010, synthetized ssPCMs based on
palmitic acid as thermal energy storage material and SiO2 under acid conditions. The
obtained composites exhibited a melting point of 59 ºC with 85 J/g as latent heat when
the mass percentage of palmitic acid in the composite was 41 wt% [52]. With this method
it is possible to obtain not only ssPCMs with low transition temperatures, but also very
high phase change temperatures. This way Guo Qiang and Wang Tao in 2013 used
sodium sulfate (Na2SO4) as the heat storage substance and Na2SiO3 as the silica source,
obtaining a composite with 83 J/g of latent heat and 886 ºC and 880 ºC of melting and
freezing temperatures, respectively [45]. The use of polymers as PCM combined with the
inorganic matrix has been also researched by sol-gel method. As an example, Jingruo Li
et al. prepared in 2014 polyethylene glycol (PEG)/SiO2 ssPCMs with various PEG mass
fractions. They forced the gelatinization by controlling the temperature instead of adding
coagulant as is the usual procedure. The composites showed a range of latent heat between
63 J/g for 50 wt% of PEG content to 128 J/g in the case of 80 wt% of PEG addition, being
the melting point around 57 ºC in all the composites [53].
In view of its relevance, this method is commented in depth in the next section.
Although the terms form-stable and shape-stabilized appear interchangeably in the
literature they are related with different compounds. In contrast to ssPCMs, the
production of form-stable PCMs does not required the melting or blending of the
supporting material [54]. In that way, some techniques that appear in the literature as
methods for the synthesis of ssPCMs such as infiltration, sintering, impregnation or
vacuum impregnation, are in fact referring to the synthesis of form-stable PCMs
[55,37,56].
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2.5.2. Sol-gel chemistry for the preparation of ssPCMs
At present there is a great interest in mixtures of materials with improved properties
compared to the pure phases, as is the case of transition metal oxides synthesis by means
of sol-gel [57].
Sol-gel process starts with the synthesis of a colloidal suspension of solid particles or
clusters in a liquid (sol) [51]. The sol can be produced from inorganic and organic
precursors, which consist in dense oxide particles or polymeric aggregates. The
subsequent condensation turns the sol into a solid phase called gel. The gel is a threedimensional porous network composed by interconnected solid particles in a liquid
media. Due to the continuity of their solid structure, gels are elastics, amorphous and
porous [57].
Some of the advantages of this method with respect to the commented above are:
control of composition and microstructure, low processing temperatures, high
homogeneity and purity and greater thermal stability, generating a wide range of
applications.
a) Synthesis of metal alkoxide precursors
Although, as previously commented, the sol precursor can be inorganic (inorganic salts
in aqueous solution), the focus of this section is on organic precursors (metal alkoxide
precursors) due to their importance in the ssPCM synthesis.
The beginning of the sol-gel synthesis starts with the sol, which are colloidal particles
dispersed in a liquid phase. Because of the small particle size, the inertia of the dispersed
phase is enough weak to keep it suspended by the Brownian motion [51].
The sol precursor consists of a metal or a metalloid element surrounded by several
ligands, as well as metal alkoxides [M(OR)n], where M represents a metallic component
(Si, Ti, Zr, etc.), and R is an alkyl group [50]. One of the most commonly used alkoxide
precursors in the manufacture of silica matrices for ssPCMs is tetraethyl orthosilicate
(TEOS) [58,25].
The transition from a colloidal solution (sol) to a solid phase (gel) is carried out by
means of hydrolysis and polycondensation reactions of the precursor. These reactions are
promoted by the addition of water or a water/alcohol solution to the precursor.
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Hydrolysis and condensation reactions occur simultaneously and they are not usually
complete. The gelation conditions are important because they determine the structure and
texture of the final product.
For the concerned metal alkoxides and in the absence of catalyst, nucleophilic
substitution (SN) governs both hydrolysis and condensation steps. This mechanism
implies the nucleophilic addition (AN) followed by proton transfer from the attacking
molecule to an alkoxide or hydroxo-ligand within the transition state and removal of the
protonated species as either alcohol (alcoxolation) or water (oxolation), respectively
(Figure 2.4) [51].

Figure 2.4. Scheme of the sol-gel process.

When the metal alkoxide is based on silica, its polycondensation produces colloidal
particles which bond with each other to form a three-dimensional network (Figure 2.5).

Figure 2.5. Three-dimensional network formed from the polycondensation step.
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The incorporation of PCMs in the sol-gel process generates organic-inorganic hybrid
materials in which both organic and inorganic phases interact by means of weak forces,
such as hydrogen bonds or Van der Waals forces [50].
b) Influence of some parameters on sol-gel reactions
The sol–gel reactions are affected by many parameters such as the H2O/alkoxide ratio,
solvents, pH of the media, gelation time, reaction temperature or the kind of alkyl group
in the precursor.
•

H2O/alkoxide ratio

The polymerization grade depends on the number of water moles added to the
alkoxide. In a reaction with sub-stoichiometric amount of water the hydrolysis is not
complete, consequently the oligomers are lineal instead of branched, promoting tight
pores. On the contrary, when the H2O/alkoxide ratio is higher than the stoichiometric the
hydrolysis is complete, obtaining polymeric products highly branched and pores with
higher diameter.
•

Solvent

The miscibility between alkoxide and water is necessary for carrying out the hydrolysis
of TEOS, which is achieved in presence of an alcohol (Figure 2.6). Solvent is selected
based on its polarity, dipole moment and its protic or aprotic nature. Solvent and alkoxide
must have the same nature for avoiding the generation of by-products by
transesterification reactions, in which an alcohol displaces an alkoxide group [51].
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Figure 2.6. Ternary phase diagram water, TEOS and ethanol [59].

•

Effect of pH

Acid conditions promotes hydrolysis, being complete before condensation step begins.
In that way condensation takes place between terminal silanol groups and, therefore, in
those conditions the formation of linear Si–O–Si polymers is favoured. This causes the
formation of a material to be more compact.
On the other hand, basic catalysts encourage the condensation reaction before the
hydrolysis has finished (Figure 2.7). This condensation gives rise to small agglomerates
highly branched in the sol, which can interact to produce colloidal gels resulting in a
material with a porous structure (Figure 2.8) [60,61].
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Reverse of reaction rate
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Hydrolysis

Hydrolysis
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pH of the solution
Figure 2.7. Effect of pH on the reaction rate [59].

Figure 2.8. Effect of pH on the growth and structure of a gel [60].

2.6.Incorporation of PCM in building materials
Incorporation of PCMs in various construction materials to produce a composite with
enhanced properties is one of the most interesting research lines currently developed in
the building materials industry. There are different methods to carry out the addition of
the PCM in building elements [62].
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2.6.1. Direct incorporation
It is the simplest, most practical and economical method, in which the PCMs are added
directly to the building materials (gypsum, cement or concrete) during the production of
these elements without requirement of an additional equipment [63]. This technique was
used by Feldman et al. to develop gypsum wallboards with enhanced thermal energy
storage properties. They incorporated up to 22 wt% of butyl stearate facilitated by the
presence of dispersing agents at the mixing stage of conventional gypsum board
production. The physico-mechanical properties of the obtained composites were similar
to those of standard gypsum board, with a ten-fold increase in thermal energy storage
capacity when compared with gypsum wallboard alone [64].
However, some problems of leakage and incompatibility between PCM and some
building materials have been reported [65]. The incompatibility problems are mainly
associated with the use of PCMs directly added to cement-based materials. Interferences
in the hydration process and hence in the bonding between paste and aggregate would
diminish the mechanical properties and durability of the final composite.
2.6.2. Immersion
The immersion method is accomplished by the submersion of porous building
elements (concrete, gypsum panels, wood, porous aggregates, etc.) in molten PCM, which
is absorbed by capillary action. The PCM remains in the pores of the building material
when it solidifies after being cooled [66,67].
The incorporation of PCM into gypsum materials was performed by Bajare et al.
through the immersion technique. They compared the incorporation of salt hydrates and
paraffins, concluding that the last ones presented a higher absorption into the gypsum
slabs. Moreover, the mechanical strength of the composites containing paraffine
decreased only a 4% in comparison with a sample without PCM, whereas the decrease on
the compressive strength for composites containing salt hydrates was 50% [68]. Using
concrete as the supporting element, Hawes et al. researched the addition of butyl stearate
and paraffin into autoclaved concrete blocks and regular concrete blocks. They found
that, because of their higher porosity, the autoclaved slabs required less time (around 1 h)
than the conventional concrete (6 h) to be fully soaked with paraffin.
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As in the case of direct incorporation, this method exhibits some problems associated
with the leakage of the PCM after large number of thermal cycles, as well as
incompatibility with some building materials [65,69,70].
2.6.3. Vacuum impregnation
As in the case of immersion, vacuum impregnation is accomplished by soaking a
porous element in molten PCM, but in this technique the evacuation of air from the
material pores is promoted using a vacuum pump (Figure 2.9) [71].

PCM oil
valve
porous
aggregate
heater

vacuum
meter
vacuum
pump

Figure 2.9. Scheme of the vacuum impregnation setup [54].

Zhang Dong et al. [72] researched the absorption of butyl stearate in three types of
matrices, such as expanded clay, normal clay and expanded shale by vacuum
impregnation. They corroborated that the higher the matrix porosity, the higher the
amount of PCM absorbed, being the expanded clay the material with the highest
absorbing capacity (0.88 ml of PCM per gram of aggregate). The composites were
subsequently used as aggregates to produce concrete. The final composites showed a
linear increase in their enthalpies with the volume fraction of the PCM in concrete.
Using expanded fly ash granules (FL), two kinds of expanded clay granules (SZ and
SL) and expanded perlite granules (PE), the same researcher studied the incorporation of
PCMs with various viscosities between 2 and 10 mPa through vacuum impregnation and
immersion method (Figure 2.10). They found that the time for the optimal absorption of
the PCM using vacuum impregnation was the half of the time required by natural
immersion method. Regarding the amount of absorbed PCM, the maximum absorption
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capacity achieved by vacuum impregnation was considerably higher than that for the
natural impregnation, in addition, the increase of the PCM absorption with the porosity
was corroborated [73].

Figure 2.10. Comparison between vacuum impregnation and natural immersion [73].

2.6.4. Shape-stabilized PCM and form-stable PCM
As previously commented, in some reports both words, form-stable and shapestabilized, appear interchangeably, but whereas the ssPCM requires the melting or
blending of the supporting material, the form-stable PCM uses a solid matrix to stabilize
the heat storage compound [55,37,56,54].
Although this kind of composites has been extensively commented in a previous
section (section 2.5), it should be noted that, some of the supporting materials most
commonly used for the production of ssPCMs are high density polyethylene (HDPE) and
styrene-butadiene-styrene (SBS) which are melted with the concerned PCM and further
cooled below the melting point of the carrier material until its solidification [74,75]. In
their research Zhang et al. [76] mention that by using HDPE the ssPCM is more rigid than
the obtained with SBS even though the PCM mixes better into SBS.
The development of form-stable PCMs is under-researched, and the few studies
focused in this topic are carried out using powder as supporting matrix instead of building
blocks. Silica fume (particle size<0.1 m) [62], diatomite or expanded perlite (particle
size <150 m) [77-79], expanded graphite (particle size between 50-500 m) and gypsum
or cement (particle size <150 mm) [80] are some of the supporting matrix actually studied.
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Based on wood, Jianli Li et al. [81] prepared a novel form-stable PCM containing
microencapsulated paraffin as the heat storage material and HDPE/wood flour composite
as the confinement matrix. The obtained form-stable PCM showed appropriate thermal
properties for its use in building applications, such as proper phase transition temperature,
large apparent specific heat, suitable thermal conductivity and good shape retention.
2.6.5. Encapsulation
In this technique the PCM is encapsulated prior to its incorporation into the
construction material. The confinement material acts as a barrier to protect the PCM from
the surrounding environment, thus avoiding its leakage. PCM encapsulation presents a
series of advantage like increase of the heat transfer area, reduction of the reactivity with
the outside environment or the control of the volume changes in the heat storage materials
[82].
The carrier material must be selected taking into account its compatibility with both
PCMs and the construction material where the microcapsules are going to be incorporated
[69]. Among the different options, the best alternative to encapsulate all sorts of PCMs,
specially paraffins, is the use of polymers. Polymers do not oxidize, they are cheap, easy
to produce and with low density. They can be used as fibres, particles, pellets, etc.
Depending on the container size of the PCM the particles can be classified as
macrocapsules or microcapsules.
a) Macroencapsulation
Macroencapsulation is carried out by filling pipes or panels with PCM before their
incorporation in building materials. Inside of the carrier materials a large amount of PCM
is added which acts as heat exchanger. They can be directly added into the construction
material (the tubes can be added in way a similar to how the steel bars are added in the
reinforced concrete), or as an additional layer of the construction element.
This way a layer of macroencapsulated paraffin was placed by Stritih and Novak [83]
as an additional layer in a wall based on the Trombe wall idea, improving the uptake of
solar radiation by means of the paraffin. The macroencapsulation was achieved by using
a transparent polycarbonate package.
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Other kind of macrocapsules can be incorporated directly into the building material,
being mixed with it. It must be emphasised the addition of polymeric macrocapsules (75
mm of diameter) containing CaCl2·6H2O into concrete blocks for the development of
floors. Thanks to these elements Farid and Kong [84] minimized the temperature
fluctuation of the floor surface to make use of the storage energy during low demand
hours.
Macroencapsulation has some advantages, mainly regarding with the easier handling
of the macroparticles in the production and subsequent shipping, the reduction of the
external volume changes and the possibility of adjustment to fit the intended application.
However, it also has several drawbacks, such as low thermal conductivity, due to the
PCM affinity to solidify in corners and edges and the complexity to integrate it into
building materials due to the large workload [85].
b) Microencapsulation
Microencapsulation is a process where a thin shell is created around a microscopic
droplet of active substance to produce capsules with useful properties. As a result of the
microencapsulation, microparticles in which the shell totally involves the PCM, or
microspheres containing the PCM dispersed in the polymeric matrix can be obtained [86].
The size range of the microcapsules is between 1 and 1000 m [87].
Microencapsulation presents advantages compared with macroencapsulation because,
in general, the microcapsules offer greater heat transfer area, which is important for PCMs
with low thermal conductivities, as in the case of paraffins; they are easy to incorporate
in building elements, for instance, by directly mixing with plaster or concrete without
detriment of the mechanical strength [88].
Many authors have microencapsulated PCMs to facilitate its technical application in
buildings [89-95]. As in the case of direct incorporation, there are several options to add
the microcapsules into the building materials.

Among the examples, it is worth

mentioning the incorporation of up to 40 wt% of microcapsules in gypsum boards that
Schossig et al. carried out [88]. The microcapsules were based on paraffin with a melting
point between 24 to 27 ºC, achieving a significant decrease of the wall heating rate and
with maximum temperatures 4 ºC below those reached by the same board without PCMs.
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Microencapsulated PCMs have been also incorporated in rigid polyurethane (RPU)
foams included in sandwich panels by mixing with the polyol phase, as an additive [9698]. The maximum heat storage capacity achieved by these composites was
approximately 18 J/g in RPU panels containing up to 22 wt% of microcapsules.
There are currently some commercial panels, ENERGAIN® of the company
DuPontTM, consisting of a 60 wt% of paraffin microencapsulated in a copolymer whose
incorporation in walls and ceilings allows to reduce the temperature of the inner air of the
room by up to 4.2 ºC, favouring the natural convection and avoiding the thermal
stratification that takes place in the air of the room in its absence [99].
The company Luwoge, a construction company of the BASF group, rehabilitated a
building of 1950s in Ludwigshafen (Germany), incorporating Micronal® microparticles
in gypsum panels, in polymeric insulating materials panels (Neopor®) and in cement
foams (Styrodur®C). With these materials they managed to reduce the energy
consumption of the house by 80%, reducing it up to 30kWh/m2 per year.
In view of the above, it can be concluded that microencapsulation is the most
appropriate technique to carry out the incorporation of PCMs into construction materials,
minimizing the problems of heat transfer and PCM distribution.
c) Techniques of microencapsulation
Microencapsulation techniques can be classified on the basis on the microcapsules size
and the kind of process used for their synthesis into chemical and physical processes.
Furthermore, physical processes can be subdivided into physico-chemical and physicomechanical. Chemical methods consist of polymerization of monomers under conditions in
which the polymer in the form of microparticles are obtained in situ. Physical methods are
based on previously synthesized polymers, and microparticles are obtained without chemical
reaction. The most common methods used for microencapsulation are summarized in Table
2.1 [93,87].
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Table 2.1. Chemical and physical microencapsulation techniques.

CHEMICAL METHODS

Particle size (m)

Interfacial polymerization

0.5-1000

Emulsion, dispersion, precipitation,

0.5-2000

suspension polymerizations
Polycondensation
Ionic gelation
PHYSICO-CHEMICAL METHODS
Coacervation (simple and complex)

2-1200

Sol-gel encapsulation

2-20

Layer-by-layer (L-B-L) assembly

0.2-20

Solvent evaporation

0.5-1000

Supercritical fluids assisted
microencapsulation (RESS, GAS, PGSS)
PHYSICO-MECHANICAL METHODS
Co-extrusion

250-6000

Spray drying and congealing

5-5000

Fluid bed coating

1-1500

Pan coating

1-5000

Spinning disk
Among the different microencapsulation techniques, suspension polymerization and
spry drying receive more attention in the present work, since they are the methods used
for the synthesis of the microcapsules incorporated into the building elements under
consideration. In that way both procedures are going to be explained in detail.
•

Suspension polymerization

Suspension polymerization is a chemical process which involves the dispersion of an
organic mixture in the form of droplets (discontinuous phase) in an aqueous phase
(continuous phase), producing polymer particles. The discontinuous phase is composed
by monomers, an active agent (PCM), initiator and optionally a diluent. In this reaction
PCMs does not interfere in the polymerization but form micro droplets around which the
shell is formed. The continuous phase is formed by water and suspending agents or
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stabilizers. Once the two phases are transferred to the reactor, the discontinuous phase is
dispersed by means of vigorous agitation in the continuous phase. Conceptually, the
polymerization proceeds in each droplet as a bulk polymerization. The reaction is initiated
by thermal decomposition of the initiator. This method is used with organic peroxides
and azo compounds, such as benzoyl peroxide (BPO) and 2,2’-azobisisobutyronitrile
(AIBN) [100-102].
Some requirements must be met to achieve a successful reaction. The continuous phase
and the organic phase must have similar densities in order to avoid their separation by
gravity. The polymerization medium must be immiscible with the organic phase
(monomer + PCM) but the initiator should be soluble in the monomer. The most used
dispersing medium is water, since it is cheap, harmless and highly available. A suitable
product is obtained only when the proper formulation of the raw materials and optimum
operating conditions are used. Table 2.2. shows the main advantages and disadvantages
of this technique.
Table 2.2. Advantages and disadvantages of microencapsulation by suspension
polymerization.

ADVANTAGES
•

Aqueous phase allows easy

DISADVANTAGES
•

Low productivity

•

Build-up of the polymer on

control of temperature and
contributes to the elimination of
heat
•

Low level of impurities in the
polymerized product

reactor walls, agitators and
other surfaces

•

Simple isolation of the final

•

product
•

Faster process than in other

Requirement of wastewater
treatment

•

It cannot be carried out

polymerizations (mass and

continuously, which limits the

solution)

usability for commercial large
productions.
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•

Spray Drying

Spray drying is a technique of drying and elaboration of powdery preparations,
granules and microparticles, of great versatility for the encapsulation of substances both
hydro-soluble and fat-soluble of easy adaptability to industrial scale, which coupled with
its low operating cost make it a widely used technique [87].
The principle of the spray drying technique is the production of a dry powder by means
of the atomization of an emulsion or dissolution of the PCM and the polymer in a hot air
stream inside a drying chamber. The solvent evaporates instantaneously, allowing the
PCM which is dispersed in the solution to be trapped inside a film of the encapsulating
material.
The spray drying process consists of four stages: fluid atomization, contact of the
sprayed fluid with the drying gas, drying of the drops and separation of the dry product.
The material to be encapsulated is homogenized with the aid of an appropriate solvent
and the mixture is fed to the spray dryer where it is atomized by a spray nozzle, finally
the obtained particles are separated, recovering the solvent by condensation (Figure 2.11).

Figure 2.11. Spray drying technique for microcapsules production [103].

The formulation of the initial mixture, feed speed, temperature, air flow and suction
speed are the main factors that determine the properties of the final product. This method
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currently has an infinity of applications overall in the food and pharmaceutical industry
[104].
Spray Dry technique minimizes the waste generation as well as the loss of raw
material. Moreover, this method allows the manufacture of an homogeneous product with
the desired particle size distribution depending on the design of the spray. In addition,
this process can easily be controlled and scaled up [105].
One of the studies conducted to obtain thermoregulatory microcapsules was carried
out by Borreguero et al. in 2010 [105]. They used paraffin Rubitherm®RT27 as PCM and
low density polyethylene (LDPE) and ethylvinylacetate copolymer (EVA) as shell
materials obtaining a 63% of microencapsulation yield. The thermal energy storage (TES)
capacity of the obtained microcapsules (98.1 J/g) was in the range of those produced by
suspension polymerization (116.2) and that of a commercial material (116.2 J/g). The
incorporation of carbon nanofiber in the microcapsules (2 wt%) substantially increased
the mechanical properties of the microcapsules with a slight decrease in their TES
capacity. Finally, after 3000 thermal cycles the obtained material was stable and worked
in reversible way.
2.7.PCMs in building applications
The first advantage of using PCMs in building elements is reflected in the increase of
the thermal mass of the structure. Thermal mass provides inertia against temperature
fluctuations thanks to the mass of the building. The building structure itself has the
capacity to buffer the heat, reducing in that way temperature fluctuations. Therefore, the
higher heat storage capacity of PCMs compared with the conventional building materials
(Figure 2.12) favours that their incorporation into a house substantially increases their
thermal mass, and thus their thermal buffering capacity [30]. This improvement is
amplified in light-weight buildings structures, where, due to their low thermal inertia,
suffer important temperature fluctuations.
In addition to the thermal buffering, PCMs help to distribute the peak load throughout
the day, reducing the highest peaks. Peak loads force the oversizing of heating, ventilation
and air conditioning (HVAC) systems to meet the electrical requirements of these devices
during the peak periods. One of the solutions to this problem is shifting the peak load
away from the peak hours of electrical demand using PCMs [106]. Figure 2.13 shows the
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reduction and shifting of the peak load by the application of PCM. It has been proved a
peak load reduction between 10% and 57% by using PCMs applied in concrete and for
lightweight constructions, respectively [107].
The role of PCMs in the increase of energy efficiency in buildings can be carried out
through active or passive heat storage systems.

Figure 2.12. Heat storage capacity of some commercial PCMs compared to typical
construction materials [30].

Figure 2.13. Reduced and shifted peak load by utilization of PCM [33].
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An active storage system is based on the use of forced convection heat transfer and
mass transfer occasionally. Active systems are subdivided into indirect or direct systems.
The indirect systems are dual-medium storage systems where a heat transfer fluid passes
through a storage medium for charging and discharging the storage material, that can be
based on a bed of solid particles [108,109]. On the other hand, in direct systems the heat
transfer fluid works at the same time as the storage medium. This description classified
as active strategies the integration of PCMs in systems such as solar heat pump systems,
heat recovery systems and floor heating systems. The combination of those systems not
only reduce the peak electricity load but also they can achieve further savings through a
reduced electrical demand [110]. A thermal energy storage active system can be
combined with the core of the building such as ceiling, floor, and walls, in external solar
facades, suspended ceiling, ventilation system, photovoltaic systems and water tanks
[108,110].
2.7.1. Passive heat storage systems
Passive systems use the solar radiation, natural convection or temperature difference
for their charged and discharged, without any mechanical contribution. So far, passive
building systems and their application have achieved most interest. In this technology,
PCMs are integrated into the building envelopes to increase the thermal mass (Figure
2.14).

Figure 2.14. An approach of a passive building.
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In cold climates buildings require large amounts of insulation to reduce heating loads
in the winter, which is the cause of large temperature fluctuations in the summer due to
excessive over heating caused by a lack of thermal mass. PCMs which melt during the
day time and solidify during nighttime will prevent rooms from overheating during the
daytime in the warm months and may also reduce the need for heating during nighttime
in the winter [30,111,10].
Regardless their nature, all the PCMs follow the same stages for the passive heat
storage:
•

Charging stage. In this step occurs when the ambient air temperature is lower
than the melting point of the PCM. At these conditions the PCM solidifies,
turning from liquid to solid at constant temperature. During this process the
PCM is transferring heat to the ambient air. The charging stage stops when the
temperature between the PCM and the air is insufficient to drive the transition.

•

Discharging stage. This process occurs during the day time, when the indoor
temperature rises above the melting point of the PCM. At that moment the
PCM absorbs the heat by liquefying at constant temperature, cooling the air
[2].

The charge and discharge of the PCM can be accomplished by two strategies: Night
cooling or heating, ventilation and air conditioning (HVAC) systems.
The charging stage by night cooling is done during the night, when the ambient air
temperature is lower than the interior space of the building. During the day, the
discharging process keeps the indoor temperature constant in the comfort zone turning
the PCM from solid to liquid. Figure 2.15 shows a scheme of the night cooling operation.

Figure 2.15. Night-time cooling system combined with the use of PCMs [2].
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HVAC systems promote the charged of the PCM while the air conditioning is in
operation. When the HVAC is disconnected and the indoor temperature increases the
PCM absorbs the heat of the indoor in the discharging stage, keeping a constant
temperature. This system allows the energy demand to shift from high cost tariff periods
to off-peaks times, achieving a peak shifting. In that way, the PCM can works during the
peak hours while the HVAC system is totally disconnected, taking advantage of lower
electricity tariffs [112].
2.7.2. Integration of phase change materials in passive systems
a) Walls
The most common solution related to PCMs for energy saving in buildings is based on
their incorporation into walls. Being placed as an additional layer, or embedded into the
building material, the use of PCMs in walls increases the thermal energy storage capacity
of the dwelling substantially. Numerous studies have investigated the effect on the indoor
climate and the energy demand that these systems produce when they are used as a wall.
In the northeast of China, Shilei et al. [113] conducted a research by applying capric
and lauric acids as PCM to gypsum wallboards. They incorporated up to 26% of PCM of
total weight of wallboard. The use of the doped walls produced an indoor air reduction of
1.15 ºC, as well as a decrease in the heat transfer to the outdoor air. The cold load of the
air conditioning system was also reduced.
Kuznik and Virgone [99] researched the improvements achieved when wallboards
doped with up to 60 wt% of microencapsulated paraffins were used in full-scale test
rooms in winter. These wallboards allow the reduction of the overheating, lower surface
temperatures on the walls and improvements in the natural convention mixing of the air.
In the same vein, a demo house was monitored in the western part of Greece was during
2011 [114]. The house, based on gypsum wallboard containing BASF-Micronal®
microcapsules, In the adopted conditions (unoccupied house/no energy systems), the
thermal mass of the walling system was enhanced during late spring, early summer and
autumn, but not in July and August when the temperatures are above the solidification
point, preventing solidification of the PCM.
The energy saving and indoor comfort achieved from May 1st to September 30th by
using plaster wallboards containing PCM was studied for five Mediterranean climates:
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Ankara (Turkey), Athens (Greece), Naples (Italy), Marseille (France) and Seville (Spain)
[115]. The influences of the phase change temperatures (from 26 ºC to 29 ºC), wallboard
thickness and the location of the PCM layer were tested. An air-conditioned building and
a naturally ventilated building were also considered (Figure 2.16). Ankara was the city
with the highest energy saving (7.2%). For Seville and Naples the comfort temperature
was prolonged by 15.5% and 22.9%, respectively. In summer and winter the temperatures
are not always enough for the charging and discharging of the PCM.

Figure 2.16. Summary of the research conducted by Ascione et al [115].

Memon et al. carried out thermal tests as well as economic and environmental
evaluations for lightweight aggregate concrete containing microencapsulated paraffin
(LWAC) for applications in building walls in Hong Kong [116]. Figure 2.17 shows the
steps followed for the macrocapsules synthesis. The compression strength of these
composites was improved thanks to the macrocapsules addition. The LWAC reduced the
energy consumption by decreasing the indoor temperature by 2.9 ºC. From the economic
evaluation the payback period for the installation of this material was less than the average
life span of a house in Hong Kong. Finally, the environmental evaluation predicted a
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reduction of 465 kg CO2-ep/year or 12.91 kg CO2-eq/year/m2, contributing to mitigate
the Greenhouse Gases emissions over the life span of building.

Figure 2.17. Macroencapsulated composites: a) vacuum impregnation of LWA in paraffin,
b) Paraffin-LWA coated with mixture of epoxy and graphite powder, c) Paraffin-LWA-epoxy
graphite powder sample coated with silica fume.

One of the most recent studies, involved in the project NanoPCM in which the
University of Castilla-La Mancha takes part, is focused on the development of insulation
elements containing PMCs for application in existing dwellings. The storage materials
are microcapsules based on paraffin Rubitherm®RT27 as PCM, with low density
polyethylene and ethylene-vinyl acetate (LDPE-EVA) as shell materials which were
synthesized by spray drying technique. These thermoregulatory microcapsules were
incorporated into rigid polyurethane (RPU) foams and testing in building walls in Spain
and Poland (Figure 2.18). The heat capacity of the RPU foams containing microcapsules
was drastically increased, storing 5 times more heat than that of the RPU panel without
microcapsules [117].
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Figure 2.18. NANOPCM Project developed by Acciona S.A. [118].

Apart from their use in an additional lightweight layer, PCMs can be also directly
implemented in a concrete matrix, open cell cements or in gypsum mortar.
Schossig et al. [88] performed simulations of a plaster wall containing
microencapsulated PCM with a melting point between 24 to 26 ºC, installed in an office
with no active cooling system. By using this composite the thermal comfort was achieved
for 6 h longer than with the reference material, consequently the required cooling load
was reduced.
The use of microencapsulated PCM with a melting point of 26 ºC in concrete was
evaluated by Cabeza et al. [119]. For that purpose, two real size concrete cubicles were
built (Figure 2.19a). The composite with PCM was able to reduce the maximum
temperature peak by 1 ºC and 2 ºC for the minimum one (Figure 2.19b). Apart from the
improved thermal properties, the composites showed a proper compressive strength and
tensile splitting strength after 28 days, being these materials suitable for structural
purposes.
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a)

b)

Figure 2.19. a) Picture of the experimental setup and b) measured temperatures of the south
wall [119].

b) Roofs
Although it is less used, the incorporation of PCMs in roof systems allows the uptake
of the solar energy as well as the environmental thermal energy, producing, as in the case
of walls containing PCMs, a thermal damping effect inside the building.
Saffari et al. [120] simulated the energy performance of a building containing
Rubitherm CSM (Compact Storage Modules) panels (Figure 2.20). These panels are filled
with organic PCM with three melting point (23, 25 and 27 °C) and two thickness, 10 mm
and 5 mm. The CSM panels were included into the walls and roof, studying their effect
on the HVAC energy consumption for Madrid climate zone, as well as the impact of
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occupants clothing. They found improved energy performances expect for the office
model in winter. The highest annual energy saving was achieved by using the melting
point of 27 ºC, and 10 mm of thickness, with 10-15% of energy saving. Finally, the change
of clothing behaviour in winter promoted higher energy savings.

Figure 2.20. Rubitherm CSM PCM-Panel [120].

Another numerical investigation was conducted by Li et al. [121], who compared the
effect of different PCM melting temperatures (30, 34 and 38 ºC), layer thicknesses (40100 mm) and roof slopes (0.05-0.5%) on the thermal performance of different roofs in
Northeast and cold area of China. A delay beyond 3 h in the peak temperatures of the
base layer of the PCM roof was reported. They did not find a significant influence of the
roof slope on the thermal performance, however, temperature delays of 10 °C, 13 °C and
12 °C were observed for PCM with melting points of 30, 34 and 38 °C, respectively. The
PCM layer thickness also affected the average temperature of the PCM upper surface.
Both theoretical and experimental investigation was carried out by Pasupathy et al.
[122], studying the energy performance of a residential building based on a double layer
of microencapsulated PCM system (Figure 2.21a). For the experimental measurements
two identical test rooms were built to study the effect of having PCM panel on the roof
of the building (Figure 2.21b). The PCM system consists of an inorganic salt hydrate
(48% CaCl2 + 4.3% NaCl + 0.4% KCl + 47.3% H2O) microencapsulated in a stainlesssteel panel. Once the model was validated using the experimental results, multiple
simulations using the usual average ambient condition at Chennai city, India, concluded
that a double layer PCM system should be incorporated in the roof for buffering the
fluctuation of the indoor air temperature.
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a)

b)

Figure 2.21. a) Scheme of the double layer system and b) the experimental test rooms [122].

Recently, the Spanish company Acciona Construction installed the “world´s First
Smart Thermal Insulation” [123]. As part of the European BRICKER project [124], a roof
using PCM technology has been installed on the building of the Higher Education
Institute of the Province of Liège (Belgium) (Figure 2.22). BRICKER project is focused
on the development of highly energy efficient systems for refurbishing non-residential
public buildings. In that way, the developed system incorporates PCM microencapsulated
into RPU foams, and is accompanied by a cogeneration system powered by biomass as
well as different building envelope solutions. This system was expected to reduce energy
consumption by up to 75% and return on investment of approximately seven years.
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Figure 2.22. Roof using PCM technology. Higher Education Institute of the Province of Liège
(Belgium) [124].

c) Floors
Compared to walls or roofs, floors have less contact with solar radiation, however, the
incidence of the sun's rays through the windows or other cavities can be utilized for
thermal energy storage by the PCMs.
Xu et al. [125] carried out both numerical and experimental analysis of the energy
performance of a passive floor system based on ssPCMs. The developed ssPCM consists
of 70 wt% paraffin as PCM and 15 wt% of polyethylene and 15 wt% styrene-butadienestyrene block copolymer as the supporting materials. By using simulations, the influence
of factors such as thickness of PCM layer, melting point, thermal conductivity or heat of
fusion of the PCM on the room thermal performance was studied. Regarding the ssPCM
thickness, it should not be larger than 20 mm with specific thermal properties. Larger
latent heat than 120 J/g and higher thermal conductivities than 0.5 W/m·K are required
to achieve the most efficient PCM, moreover, its melting point should be equal to the
average indoor air temperature of sunny winter days.
The improvement of the energy performance of hollow concrete floor panels
containing ssPCMs was studied by Karim et al. [126] in a small-scale experiment. As in
the previous case, the ssPCM is composed by 85 wt% of paraffin, stabilized by styrenebutadiene-styrene block copolymer, with a melting point of 27 ºC and 110 J/g of latent
heat. The obtained results demonstrated the increase of the inertia of the floor panel
containing ssPCM. The incorporation of ssPCM smoothed the temperature variations,
with a lower rate of temperature fluctuation for the panel doped with PCM. Moreover, a
higer thermal lag time was observed with the floor filled with PCM, (3.7 h) than that for
the panel without PCM (0.8 h).
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The same previous group [127] analyzed by numerical simulations the effect of the
developed hollow concrete floor panels containing ssPCMs (Figure 2.23) on the thermal
comfort of a building, whose results were compared to experimental data. Although this
composite, completely filled with PCM, was able to increase the thermal inertia of a
building and thus the thermal comfort, the numerical model shows that only a small part
of the PCM was used. In that way, PCM activity, which represents the percentage of PCM
available for latent heat storage, was included as a new indicator in order to calculate the
optimal percentage of PCM. The results showed that, taking into account the given
boundary conditions, the optimal amount of PCM incorporated into de composite was 50
wt% in accordance with the temperature attenuation.

Figure 2.23. Floor panel filled with PCM [127].

d) Windows and shutters
The building elements which produce more energy consumption are the windows,
overall for their low thermal inertia. In summer the high solar radiation through the
windows is reflected in greater air conditioning consumption. On the other hand, in winter
the energy losses caused by the windows promote the need of heating devices. The use
of PCMs in these elements is limited by the enough transparency of the final composite.
Thus, transparent PCMs must be used for that purpose.
This important requirement was studied by Jain et al. [128] by analyzing the solar
transmittance of a commercial grade PCM with purity 99.3% and melting point 31.98 °C
(Figure 2.24). Their measurements indicated that the PCM exhibited higher transmittance
than water, pure PCM with a thickness of 4 and 30 mm showed a solar transmittance of
90.7 and 80.3%, respectively. Moreover, the low thermal conductivity and high latent
heat position this material as suitable transparent insulating building element.
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Figure 2.24. Experimental setup of a windows containing PCM [128].

On the other hand, Goia et al. [129] in a first study evaluated the surface temperatures
and the transmitted irradiances of a glazing prototype containing PCM, compared with a
conventional glazed panel. The experimental data obtained for 6 months were used to
numerically evaluate the indoor temperature of a typical office room. In this first
examination two main problems were reported. On days with low incident solar
irradiation both panels showed a similar thermal behaviour, without any improvement
achieved by using PCM. Moreover, the melting point of the PCM is a crucial parameter,
because if the PCM melts before the sunset, especially on hot days, the effect of the
incorporation could be even negative from the thermal comfort point of view.
Notwithstanding the advantages of these PCM glazing, some serious drawbacks must be
commented. As mentioned previously, the most important requirement for these systems
applied in windows is the transparency, however, the visual and thermophysical
properties of the obtained PCM glazing change considerably over the day and season.
Only when the paraffin is totally melted the panel is transparent, on the contrary, the
solidification of the PCM leads to a translucent panel, being not suitable for its
incorporation in ordinary windows applied in dwellings (Figure 2.25) [130].
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Figure 2.25. glazing prototype containing PCM (bottom) and without (top) [130]

Regarding the shutters, Alawadhi et al. [131] numerically studied the thermal
effectiveness of a PCM shutter system as a function of the type of PCM and its quantity
in the shutter (Figure 2.26). The addition of PCM in shutters is possible due to their
structure, based on foam filled aluminum rolling shutter slat. They obtained a maximum
reduction of the heat gain through the windows of 23.29%, by using the PCM with the
highest selected melting temperature.

Figure 2.26. Shutter system containing PCMs [131].

The incorporation of PCMs in walls, floors and ceiling is the most researched and
promised method to passively increase the energy efficiency of buildings. Regarding
these applications there is still a lack of information related with environmental impact,
cost analysis and economic evaluations for their implementation [132].

47

Chapter 2
References
1. Agency IE World Energy Outlook 2017. https://www.iea.org/weo2017/. Accessed
19/09/2018
2. Waqas A, Din ZU (2013) Phase change material (PCM) storage for free cooling of
buildings—a review. Renewable and sustainable energy reviews 18:607-625
3. Commission E (2011) On security of energy supply and international cooperation "The EU Energy Policy: Engaging with Partners beyond Our Borders".
4. Paris Agreement (2015). United Nations. Framework Convention on Climate Change,
5. Gaillard D (2015) Lima-Paris Action Agenda Matures into Major Force Driving
Climate Action (Press Release). LPAA Press Office. 2017
6. Frances Bean MDG, James McMahon, Benigna Boza-Kiss, Aristeidis Tsakiris, Tim
Farrell, David Morgado, Thibaut Abergel, Vahram Jalalyan, Aaron Staniszewski,
Meredydd Evans, Sha Yu (2016) Towards zero-emission efficient and resilient buildings.
GLOBAL STATUS REPORT. United Nations Environment Programme
7. Kemna R, Acedo J (2014) Average EU building heat load for HVAC equipment. Final
Report of Framework Contract ENER C 3
8.

Eurostat

(2016)

http://ec.europa.eu/eurostat/statistics-

explained/index.php/Housing_conditions. Accessed 12/01/2016
9. Directive EE (2012) Directive 2012/27/EU of the European Parliament and of the
Council of 25 October 2012 on energy efficiency. vol 315.
10. Guía del Estándar Passivhaus. Edificios de consumo energético casi nulo (2011).
Fundación de la Energía Comunidad de Madrid. Madrid
11. Chel A, Kaushik G (2017) Renewable energy technologies for sustainable
development

of

energy

efficient

building.

Alexandria

Engineering

Journal.

doi:https://doi.org/10.1016/j.aej.2017.02.027
12. Xiao W, Wang X, Zhang Y (2009) Analytical optimization of interior PCM for energy
storage in a lightweight passive solar room. Applied Energy 86 (10):2013-2018.
doi:https://doi.org/10.1016/j.apenergy.2008.12.011
13. Stutz B, Le Pierres N, Kuznik F, Johannes K, Palomo Del Barrio E, Bédécarrats J-P,
Gibout S, Marty P, Zalewski L, Soto J, Mazet N, Olives R, Bezian J-J, Minh DP (2017)

48

State of art
Storage of thermal solar energy. Comptes Rendus Physique 18 (7):401-414.
doi:https://doi.org/10.1016/j.crhy.2017.09.008
14. Kenisarin M, Mahkamov K (2016) Passive thermal control in residential buildings
using phase change materials. Renewable and Sustainable Energy Reviews 55:371-398.
doi:https://doi.org/10.1016/j.rser.2015.10.128
15. Pielichowski KPK (2017) Phase Change Nanomaterials for Thermal Energy Storage.
In: Nanotechnology for Energy Sustainability. doi:doi:10.1002/9783527696109.ch20
16. Solé A, Fontanet X, Barreneche C, Fernández AI, Martorell I, Cabeza LF (2013)
Requirements to consider when choosing a thermochemical material for solar energy
storage. Solar Energy 97:398-404. doi:https://doi.org/10.1016/j.solener.2013.08.038
17. Sharma A, Tyagi VV, Chen CR, Buddhi D (2009) Review on thermal energy storage
with phase change materials and applications. Renewable and Sustainable Energy
Reviews 13 (2):318-345. doi:https://doi.org/10.1016/j.rser.2007.10.005
18. Plasencia IG, Perdices MB, Celemín MdRH (2008) Fuentes de energía para el futuro.
Ministerio de Educación,
19. Edenhofer O, Pichs-Madruga R, Sokona Y, Seyboth K, Kadner S, Zwickel T,
Eickemeier P, Hansen G, Schlömer S, von Stechow C (2011) Renewable energy sources
and climate change mitigation: Special report of the intergovernmental panel on climate
change. Cambridge University Press,
20. Kuznik F, Johannes K, David D (2015) 13 - Integrating phase change materials
(PCMs) in thermal energy storage systems for buildings. In: Cabeza LF (ed) Advances in
Thermal

Energy

Storage

Systems.

Woodhead

Publishing,

pp

325-353.

doi:https://doi.org/10.1533/9781782420965.2.325
21. Oliver-Ramírez A, García-Santos A, Neila-González FJ (2011) Physical and
mechanical characterization of gypsum boards containing phase change materials for
latent heat storage. Materiales de Construcción; Vol 61, No 303 (2011)DO 103989/mc201153309
22. Nkwetta DN, Haghighat F (2014) Thermal energy storage with phase change
material—A state-of-the art review. Sustainable Cities and Society 10:87-100.
doi:https://doi.org/10.1016/j.scs.2013.05.007

49

Chapter 2
23. IP K Solar thermal storage with phase change materials in domestic buiildings. In:
CIB World congress. Gävle, Sweden 7-12 june, 1998. pp 1265-1272
24. Castellón C, Medrano M, Roca J, Nogués M, Castell A, Cabeza L (2007) Use of
microencapsulated phase change materials in building applications. ASHRAE project
ENE2005-08256-C02-01/ALT
25. Yang H, Feng L, Wang C, Zhao W, Li X (2012) Confinement effect of SiO2
framework on phase change of PEG in shape-stabilized PEG/SiO2 composites. European
Polymer Journal 48 (4):803-810. doi:https://doi.org/10.1016/j.eurpolymj.2012.01.016
26. Arce Maldonado P (1911) Application of passive thermal energy storage in buildings
using PCM and awnings. Universitat de Lleida,
27. https://steemit.com/science/@badet/thermal-energy-storage-phase-change-material.
Accessed 01/08/2018 2018
28. Pillai KK, Brinkworth BJ (1976) The storage of low grade thermal energy using phase
change materials. Applied Energy 2 (3):205-216. doi:https://doi.org/10.1016/03062619(76)90025-8
29. Vázquez M, Núñez N, Nogueira E, Borreguero A (2010) Degradation of AlInGaP red
LEDs under drive current and temperature accelerated life tests. Microelectronics
Reliability 50 (9):1559-1562. doi:https://doi.org/10.1016/j.microrel.2010.07.057
30. Akeiber H, Nejat P, Majid MZA, Wahid MA, Jomehzadeh F, Zeynali Famileh I,
Calautit JK, Hughes BR, Zaki SA (2016) A review on phase change material (PCM) for
sustainable passive cooling in building envelopes. Renewable and Sustainable Energy
Reviews 60:1470-1497. doi:https://doi.org/10.1016/j.rser.2016.03.036
31. Ferrer G, Solé A, Barreneche C, Martorell I, Cabeza LF (2015) Review on the
methodology used in thermal stability characterization of phase change materials.
Renewable

and

Sustainable

Energy

Reviews

50:665-685.

doi:https://doi.org/10.1016/j.rser.2015.04.187
32. Baetens R, Jelle BP, Gustavsen A (2010) Phase change materials for building
applications: A state-of-the-art review. Energy and Buildings 42 (9):1361-1368.
doi:https://doi.org/10.1016/j.enbuild.2010.03.026

50

State of art
33. Kalnæs SE, Jelle BP (2015) Phase change materials and products for building
applications: A state-of-the-art review and future research opportunities. Energy and
Buildings 94:150-176. doi:https://doi.org/10.1016/j.enbuild.2015.02.023
34. Souayfane F, Fardoun F, Biwole P-H (2016) Phase change materials (PCM) for
cooling applications in buildings: A review. Energy and Buildings 129:396-431.
doi:https://doi.org/10.1016/j.enbuild.2016.04.006
35. Zhou D, Zhao CY, Tian Y (2012) Review on thermal energy storage with phase
change materials (PCMs) in building applications. Applied Energy 92:593-605.
doi:https://doi.org/10.1016/j.apenergy.2011.08.025
36. del Barrio EP, Godin A, Duquesne M, Daranlot J, Jolly J, Alshaer W, Kouadio T,
Sommier A (2017) Characterization of different sugar alcohols as phase change materials
for thermal energy storage applications. Solar Energy Materials and Solar Cells 159:560569. doi:https://doi.org/10.1016/j.solmat.2016.10.009
37. Kadoono T, Ogura M (2014) Heat storage properties of organic phase-change
materials confined in the nanospace of mesoporous SBA-15 and CMK-3. Physical
Chemistry Chemical Physics 16 (12):5495-5498. doi:10.1039/C3CP55429E
38. Jamekhorshid A, Sadrameli SM, Farid M (2014) A review of microencapsulation
methods of phase change materials (PCMs) as a thermal energy storage (TES) medium.
Renewable

and

Sustainable

Energy

Reviews

31

(Supplement

C):531-542.

doi:https://doi.org/10.1016/j.rser.2013.12.033
39. Alkan C, Günther E, Hiebler S, Ensari ÖF, Kahraman D (2012) Polyurethanes as
solid–solid phase change materials for thermal energy storage. Solar Energy 86 (6):17611769. doi:https://doi.org/10.1016/j.solener.2012.03.012
40. Xi P, Gu X, Cheng B, Wang Y (2009) Preparation and characterization of a novel
polymeric based solid–solid phase change heat storage material. Energy Conversion and
Management 50 (6):1522-1528. doi:https://doi.org/10.1016/j.enconman.2009.02.013
41. Su J-C, Liu P-S (2006) A novel solid–solid phase change heat storage material with
polyurethane block copolymer structure. Energy Conversion and Management 47
(18):3185-3191. doi:https://doi.org/10.1016/j.enconman.2006.02.022

51

Chapter 2
42. Fu X, Kong W, Zhang Y, Jiang L, Wang J, Lei J (2015) Novel solid-solid phase
change materials with biodegradable trihydroxy surfactants for thermal energy storage.
RSC Advances 5 (84):68881-68889. doi:10.1039/C5RA11842E
43. Li W-D, Ding E-Y (2007) Preparation and characterization of cross-linking
PEG/MDI/PE copolymer as solid–solid phase change heat storage material. Solar Energy
Materials

and

Solar

Cells

91

(9):764-768.

doi:https://doi.org/10.1016/j.solmat.2007.01.011
44. Chen C, Liu W, Wang Z, Peng K, Pan W, Xie Q (2015) Novel form stable phase
change materials based on the composites of polyethylene glycol/polymeric solid-solid
phase change material. Solar Energy Materials and Solar Cells 134 (Supplement C):8088. doi:https://doi.org/10.1016/j.solmat.2014.11.039
45. Guo Q, Wang T (2014) Preparation and Characterization of Sodium Sulfate/Silica
Composite as a Shape-stabilized Phase Change Material by Sol-gel Method. Chinese
Journal of Chemical Engineering 22 (3):360-364. doi:https://doi.org/10.1016/S10049541(14)60047-1
46. Alkan C, Günther E, Hiebler S, Himpel M (2012) Complexing blends of polyacrylic
acid-polyethylene glycol and poly(ethylene-co-acrylic acid)-polyethylene glycol as shape
stabilized phase change materials. Energy Conversion and Management 64 (Supplement
C):364-370. doi:https://doi.org/10.1016/j.enconman.2012.06.003
47. Cheng W-l, Zhang R-m, Xie K, Liu N, Wang J (2010) Heat conduction enhanced
shape-stabilized paraffin/HDPE composite PCMs by graphite addition: Preparation and
thermal properties. Solar Energy Materials and Solar Cells 94 (10):1636-1642.
doi:https://doi.org/10.1016/j.solmat.2010.05.020
48. Luo R, Wang S, Wang T, Zhu C, Nomura T, Akiyama T (2015) Fabrication of
paraffin@SiO2 shape-stabilized composite phase change material via chemical
precipitation method for building energy conservation. Energy and Buildings 108
(Supplement C):373-380. doi:https://doi.org/10.1016/j.enbuild.2015.09.043
49. Tseng TK, Lin YS, Chen YJ, Chu H (2010) A review of photocatalysts prepared by
sol-gel method for VOCs removal. International journal of molecular sciences 11
(6):2336-2361

52

State of art
50. Catauro M, Bollino F, Papale F, Gallicchio M, Pacifico S (2015) Influence of the
polymer amount on bioactivity and biocompatibility of SiO2/PEG hybrid materials
synthesized by sol–gel technique. Materials Science and Engineering: C 48 (Supplement
C):548-555. doi:https://doi.org/10.1016/j.msec.2014.12.035
51. Brinker CJ, Scherer GW (2013) Sol-gel science: the physics and chemistry of sol-gel
processing. Academic press,
52. Fang G, Li H, Chen Z, Liu X (2011) Preparation and properties of palmitic acid/SiO2
composites with flame retardant as thermal energy storage materials. Solar Energy
Materials

and

Solar

Cells

95

(7):1875-1881.

doi:https://doi.org/10.1016/j.solmat.2011.02.010
53. Li J, He L, Liu T, Cao X, Zhu H (2013) Preparation and characterization of PEG/SiO2
composites as shape-stabilized phase change materials for thermal energy storage. Solar
Energy

Materials

and

Solar

Cells

118

(Supplement

C):48-53.

doi:https://doi.org/10.1016/j.solmat.2013.07.017
54. Navarro L, de Gracia A, Niall D, Castell A, Browne M, McCormack SJ, Griffiths P,
Cabeza LF (2016) Thermal energy storage in building integrated thermal systems: A
review. Part 2. Integration as passive system. Renewable Energy 85:1334-1356.
doi:https://doi.org/10.1016/j.renene.2015.06.064
55. Feng L, Zhao W, Zheng J, Frisco S, Song P, Li X (2011) The shape-stabilized phase
change materials composed of polyethylene glycol and various mesoporous matrices
(AC, SBA-15 and MCM-41). Solar Energy Materials and Solar Cells 95 (12):3550-3556.
doi:https://doi.org/10.1016/j.solmat.2011.08.020
56. Sarı A, Karaipekli A (2009) Preparation, thermal properties and thermal reliability of
palmitic acid/expanded graphite composite as form-stable PCM for thermal energy
storage.

Solar

Energy

Materials

and

Solar

Cells

93

(5):571-576.

doi:https://doi.org/10.1016/j.solmat.2008.11.057
57. Londoño Calderón CL Síntesis y caracterización del compósito Poly (ethylene glycol)
PEG/v2o5. Universidad Nacional de Colombia-Sede Manizales,
58. Qian T, Li J, Ma H, Yang J (2015) The preparation of a green shape-stabilized
composite phase change material of polyethylene glycol/SiO2 with enhanced thermal

53

Chapter 2
performance based on oil shale ash via temperature-assisted sol–gel method. Solar Energy
Materials and Solar Cells 132:29-39. doi:https://doi.org/10.1016/j.solmat.2014.08.017
59. Goerne TML (1989) Proceso sol-gel. Academia Mexicana de Ciencias,
60. Danks AE, Hall SR, Schnepp Z (2016) The evolution of 'sol-gel' chemistry as a
technique

for

materials

synthesis.

Materials

Horizons

3

(2):91-112.

doi:10.1039/C5MH00260E
61. Milea C, Bogatu C, Duţă A (2011) The influence of parameters in silica sol-gel
process. Bulletin of the Transilvania University of Braşov, Series I: Engineering Sciences
4 (53)
62. Memon SA (2014) Phase change materials integrated in building walls: A state of the
art

review.

Renewable

and

Sustainable

Energy

Reviews

31:870-906.

doi:https://doi.org/10.1016/j.rser.2013.12.042
63. Cui Y, Xie J, Liu J, Pan S (2015) Review of Phase Change Materials Integrated in
Building

Walls

for

Energy

Saving.

Procedia

Engineering

121:763-770.

doi:https://doi.org/10.1016/j.proeng.2015.09.027
64. Feldman D, Banu D, Hawes D, Ghanbari E (1991) Obtaining an energy storing
building material by direct incorporation of an organic phase change material in gypsum
wallboard. Solar Energy Materials 22 (2):231-242. doi:https://doi.org/10.1016/01651633(91)90021-C
65. Soares N, Costa JJ, Gaspar AR, Santos P (2013) Review of passive PCM latent heat
thermal energy storage systems towards buildings’ energy efficiency. Energy and
Buildings 59:82-103. doi:https://doi.org/10.1016/j.enbuild.2012.12.042
66. Ling T-C, Poon C-S (2013) Use of phase change materials for thermal energy storage
in

concrete:

An

overview.

Construction

and

Building

Materials

46:55-62.

doi:https://doi.org/10.1016/j.conbuildmat.2013.04.031
67. Kuznik F, David D, Johannes K, Roux J-J (2011) A review on phase change materials
integrated in building walls. Renewable and Sustainable Energy Reviews 15 (1):379-391.
doi:https://doi.org/10.1016/j.rser.2010.08.019
68. Bajare D, Kazjonovs J, Korjakins A (2011) The thermal characteristics of gypsum
boards with phase change materials (PCM). Environ Technol Resour

54

State of art
69. Hawes D, Banu D, Feldman D (1990) Latent heat storage in concrete. II. Solar energy
materials 21 (1):61-80
70. Schossig P, Henning H, Haussman T, Raicu A Encapsulated Phase-Change Materials
integrated into construction materials. In: Proceedings of the 9th International Conference
on Thermal Energy Storage–Futurestock, 2003.
71. Lee J, Wi S, Jeong S-G, Chang SJ, Kim S (2017) Development of thermal enhanced
n-octadecane/porous nano carbon-based materials using 3-step filtered vacuum
impregnation

method.

Thermochimica

Acta

655:194-201.

doi:https://doi.org/10.1016/j.tca.2017.06.013
72. Zhang D, Wu K-r (2004) Tuning effect of porous structure on phase changing
behavior of organic phase changing matters. JOURNAL-TONGJI UNIVERSITY
32:1163-1167
73. Zhang D, Zhou J, Wu K, Li Z (2005) Granular phase changing composites for thermal
energy storage. Solar Energy 78 (3):471-480
74. Sarı A (2004) Form-stable paraffin/high density polyethylene composites as solid–
liquid phase change material for thermal energy storage: preparation and thermal
properties.

Energy

Conversion

and

Management

45

(13):2033-2042.

doi:https://doi.org/10.1016/j.enconman.2003.10.022
75. Xiao M, Feng B, Gong K (2002) Preparation and performance of shape stabilized
phase change thermal storage materials with high thermal conductivity. Energy
Conversion and Management 43 (1):103-108. doi:https://doi.org/10.1016/S01968904(01)00010-3
76. Zhang YP, Lin KP, Yang R, Di HF, Jiang Y (2006) Preparation, thermal performance
and application of shape-stabilized PCM in energy efficient buildings. Energy and
Buildings 38 (10):1262-1269. doi:https://doi.org/10.1016/j.enbuild.2006.02.009
77. Karaman S, Karaipekli A, Sarı A, Biçer A (2011) Polyethylene glycol
(PEG)/diatomite composite as a novel form-stable phase change material for thermal
energy storage. Solar Energy Materials and Solar Cells 95 (7):1647-1653.
doi:https://doi.org/10.1016/j.solmat.2011.01.022

55

Chapter 2
78. Sarı A, Karaipekli A (2008) Preparation, thermal properties and thermal reliability of
capric acid/expanded perlite composite for thermal energy storage. Materials Chemistry
and Physics 109 (2):459-464. doi:https://doi.org/10.1016/j.matchemphys.2007.12.016
79. Sarı A, Karaipekli A, Alkan C (2009) Preparation, characterization and thermal
properties of lauric acid/expanded perlite as novel form-stable composite phase change
material.

Chemical

Engineering

Journal

155

(3):899-904.

doi:https://doi.org/10.1016/j.cej.2009.09.005
80. Karaipekli A, Sarı A (2011) Preparation and characterization of fatty acid
ester/building material composites for thermal energy storage in buildings. Energy and
Buildings 43 (8):1952-1959. doi:https://doi.org/10.1016/j.enbuild.2011.04.002
81. Li J, Xue P, He H, Ding W, Han J (2009) Preparation and application effects of a
novel form-stable phase change material as the thermal storage layer of an electric floor
heating

system.

Energy

and

Buildings

41

(8):871-880.

doi:https://doi.org/10.1016/j.enbuild.2009.03.009
82. Barreneche C, Navarro ME, Fernández AI, Cabeza LF (2013) Improvement of the
thermal inertia of building materials incorporating PCM. Evaluation in the macroscale.
Applied Energy 109:428-432. doi:https://doi.org/10.1016/j.apenergy.2012.12.055
83. Stritih U, Novak P (1996) Solar heat storage wall for building ventilation. Renewable
Energy 8 (1):268-271. doi:https://doi.org/10.1016/0960-1481(96)88860-4
84. Farid M, Kong WJ (2001) Underfloor heating with latent heat storage. Proceedings
of the Institution of Mechanical Engineers, Part A: Journal of Power and Energy 215
(5):601-609. doi:10.1243/0957650011538839
85. Silva T, Vicente R, Soares N, Ferreira V (2012) Experimental testing and numerical
modelling of masonry wall solution with PCM incorporation: A passive construction
solution.

Energy

and

Buildings

49:235-245.

doi:https://doi.org/10.1016/j.enbuild.2012.02.010
86. Benita S (2005) Microencapsulation: methods and industrial applications. Crc Press,
87. Jyothi NVN, Prasanna PM, Sakarkar SN, Prabha KS, Ramaiah PS, Srawan G (2010)
Microencapsulation techniques, factors influencing encapsulation efficiency. Journal of
microencapsulation 27 (3):187-197

56

State of art
88. Schossig P, Henning H-M, Gschwander S, Haussmann T (2005) Micro-encapsulated
phase-change materials integrated into construction materials. Solar Energy Materials and
Solar Cells 89 (2-3):297-306
89. Hawlader MNA, Uddin MS, Khin MM (2003) Microencapsulated PCM thermalenergy

storage

system.

Applied

Energy

74

(1):195-202.

doi:https://doi.org/10.1016/S0306-2619(02)00146-0
90. Lu L, Cheng J, Xiufang W, Pihui P, Zhuoru Y (2006) Synthesis and Characterization
of Suspension Polymerized Styrene-Divinylbenzene Porous Microsphere Using as SlowRelease-Active Carrier1. Chinese Journal of Chemical Engineering 14 (4):471-477
91. Shin Y, Yoo DI, Son K (2005) Development of thermoregulating textile materials
with microencapsulated phase change materials (PCM). II. Preparation and application
of PCM microcapsules. Journal of Applied Polymer Science 96 (6):2005-2010
92. Su J, Wang L, Ren L (2006) Fabrication and thermal properties of microPCMs: Used
melamine‐formaldehyde resin as shell material. Journal of applied polymer science 101
(3):1522-1528
93. Ghosh SK (2006) Functional coatings: by polymer microencapsulation. John Wiley
& Sons,
94. Sánchez L, Sánchez P, de Lucas A, Carmona M, Rodríguez JF (2007)
Microencapsulation of PCMs with a polystyrene shell. Colloid and Polymer Science 285
(12):1377-1385
95. Sánchez L, Sánchez P, Carmona M, de Lucas A, Rodríguez JF (2008) Influence of
operation conditions on the microencapsulation of PCMs by means of suspension-like
polymerization. Colloid and Polymer Science 286 (8-9):1019-1027
96. You M, Zhang X, Li W, Wang X (2008) Effects of MicroPCMs on the fabrication of
MicroPCMs/polyurethane composite foams. Thermochimica Acta 472 (1-2):20-24
97. You M, Wang X, Zhang X, Li W (2008) Effects of microencapsulated phase change
materials granularity and heat treat treatment condition on the structure and performance
of polyurethane foams. Modern Applied Science 2 (4):44

57

Chapter 2
98. You M, Zhang X-x, Wang X-c, Zhang L, Wen W (2010) Effects of type and contents
of microencapsuled n-alkanes on properties of soft polyurethane foams. Thermochimica
Acta 500 (1-2):69-75
99. Kuznik F, Virgone J (2009) Experimental assessment of a phase change material for
wall building use. Applied energy 86 (10):2038-2046
100. Cowie JMG, Arrighi V (2007) Polymers: chemistry and physics of modern
materials. CRC press,
101. Nunes DS, Coutinho FM (2002) Acrylonitrile–divinylbenzene copolymer beads:
influence of pre-polymerization step, stirring conditions and polymerization initiator type
on the polymer particle characteristics. European polymer journal 38 (6):1159-1165
102. Watanabe Y, Ishigaki H, Okada H, Suyama S (1997) New method for determination
of free-radical production efficiency of organic peroxides and azo compounds. Polymer
journal 29 (9):733
103. Sosnik A, Seremeta KP (2015) Advantages and challenges of the spray-drying
technology for the production of pure drug particles and drug-loaded polymeric carriers.
Advances in colloid and interface science 223:40-54
104. Gharsallaoui A, Roudaut G, Chambin O, Voilley A, Saurel R (2007) Applications
of spray-drying in microencapsulation of food ingredients: An overview. Food Research
International 40 (9):1107-1121
105. Borreguero AM, Valverde JL, Rodríguez JF, Barber AH, Cubillo JJ, Carmona M
(2011) Synthesis and characterization of microcapsules containing Rubitherm®RT27
obtained by spray drying. Chemical Engineering Journal 166 (1):384-390.
doi:https://doi.org/10.1016/j.cej.2010.10.055
106. Halford CK, Boehm RF (2007) Modeling of phase change material peak load
shifting. Energy and Buildings 39 (3):298-305
107. Sun Y, Wang S, Xiao F, Gao D (2013) Peak load shifting control using different
cold thermal energy storage facilities in commercial buildings: A review. Energy
Conversion

and

Management

doi:https://doi.org/10.1016/j.enconman.2013.03.026

58

71:101-114.

State of art
108. Navarro L, de Gracia A, Colclough S, Browne M, McCormack SJ, Griffiths P,
Cabeza LF (2016) Thermal energy storage in building integrated thermal systems:
A review. Part 1. active storage systems. Renewable Energy 88 (Supplement C):526-547.
doi:https://doi.org/10.1016/j.renene.2015.11.040
109. Almendros-Ibáñez J, Fernández-Torrijos M, Díaz-Heras M, Belmonte J, Sobrino C
(2018) A review of solar thermal energy storage in beds of particles: Packed and fluidized
beds. Solar Energy
110. de Gracia A, Cabeza LF (2015) Phase change materials and thermal energy storage
for

buildings.

Energy

and

Buildings

103

(Supplement

C):414-419.

doi:https://doi.org/10.1016/j.enbuild.2015.06.007
111. Zhu N, Ma Z, Wang S (2009) Dynamic characteristics and energy performance of
buildings using phase change materials: a review. Energy Conversion and Management
50 (12):3169-3181
112. López-Navarro A, Biosca-Taronger J, Corberán J, Peñalosa C, Lázaro A, Dolado P,
Payá J (2014) Performance characterization of a PCM storage tank. Applied Energy
119:151-162
113. Shilei L, Neng Z, Guohui F (2006) Impact of phase change wall room on indoor
thermal environment in winter. Energy and buildings 38 (1):18-24
114. Mandilaras I, Stamatiadou M, Katsourinis D, Zannis G, Founti M (2013)
Experimental thermal characterization of a Mediterranean residential building with PCM
gypsum

board

walls.

Building

and

Environment

61:93-103.

doi:https://doi.org/10.1016/j.buildenv.2012.12.007
115. Ascione F, Bianco N, De Masi RF, de’Rossi F, Vanoli GP (2014) Energy
refurbishment of existing buildings through the use of phase change materials: Energy
savings and indoor comfort in the cooling season. Applied Energy 113:990-1007
116. Memon SA, Cui HZ, Zhang H, Xing F (2015) Utilization of macro encapsulated
phase change materials for the development of thermal energy storage and structural
lightweight

aggregate

concrete.

Applied

Energy

139:43-55.

doi:https://doi.org/10.1016/j.apenergy.2014.11.022
117. Acciona (2013) Energy efficient Buildings PPP Project Review 2010, 2011 and
2012.

59

Chapter 2
118.

ACCIONA

Successfully

Completes

the

NANOPCM

Project.

https://www.youtube.com/watch?v=keG7XKAIa1U. Accessed 17.03.2018 2018
119. Cabeza LF, Castellon C, Nogues M, Medrano M, Leppers R, Zubillaga O (2007)
Use of microencapsulated PCM in concrete walls for energy savings. Energy and
buildings 39 (2):113-119
120. Saffari M, de Gracia A, Ushak S, Cabeza LF (2016) Economic impact of integrating
PCM as passive system in buildings using Fanger comfort model. Energy and Buildings
112:159-172. doi:https://doi.org/10.1016/j.enbuild.2015.12.006
121. Li D, Zheng Y, Liu C, Wu G (2015) Numerical analysis on thermal performance of
roof contained PCM of a single residential building. Energy Conversion and Management
100:147-156. doi:https://doi.org/10.1016/j.enconman.2015.05.014
122. Pasupathy A, Velraj R (2008) Effect of double layer phase change material in
building roof for year round thermal management. Energy and Buildings 40 (3):193-203.
doi:https://doi.org/10.1016/j.enbuild.2007.02.016
123. ACCIONA Construction installs the world’s First Smart Thermal Insulation. (2016).
http://www.acciona-construccion.com/pressroom/news/2016/october/accionaconstruction-installs-the-world-s-first-smart-thermal-insulation. Accessed 03.09.2018
124. Bricker.Energy reduction in public building stock. http://www.brickerproject.com/project/the_project.kl. Accessed 03.09.2018
125. Xu X, Zhang Y, Lin K, Di H, Yang R (2005) Modeling and simulation on the thermal
performance of shape-stabilized phase change material floor used in passive solar
buildings.

Energy

and

Buildings

37

(10):1084-1091.

doi:https://doi.org/10.1016/j.enbuild.2004.12.016
126. Karim L, Barbeon F, Gegout P, Bontemps A, Royon L (2014) New phase-change
material components for thermal management of the light weight envelope of buildings.
Energy and Buildings 68:703-706. doi:https://doi.org/10.1016/j.enbuild.2013.08.056
127. Royon L, Karim L, Bontemps A (2014) Optimization of PCM embedded in a floor
panel developed for thermal management of the lightweight envelope of buildings.
Energy and Buildings 82:385-390. doi:https://doi.org/10.1016/j.enbuild.2014.07.012

60

State of art
128. Jain L, Sharma S (2009) Phase change materials for day lighting and glazed
insulation in buildings. Journal of Engineering Science and Technology 4 (3):322-327
129. Goia F, Perino M, Serra V (2013) Improving thermal comfort conditions by means
of

PCM

glazing

systems.

Energy

and

Buildings

60:442-452.

doi:https://doi.org/10.1016/j.enbuild.2013.01.029
130. Goia F, Perino M, Serra V (2014) Experimental analysis of the energy performance
of

a

full-scale

PCM

glazing

prototype.

Solar

Energy

100:217-233.

doi:https://doi.org/10.1016/j.solener.2013.12.002
131. Alawadhi EM (2012) Using phase change materials in window shutter to reduce the
solar

heat

gain.

Energy

and

Buildings

47:421-429.

doi:https://doi.org/10.1016/j.enbuild.2011.12.009
132. Mavrigiannaki A, Ampatzi E (2016) Latent heat storage in building elements: A
systematic review on properties and contextual performance factors. Renewable and
Sustainable Energy Reviews 60:852-866. doi:https://doi.org/10.1016/j.rser.2016.01.115

61

Chapter

3

MATERIALS AND METHODS

Materials and methods
3.1.Materials
The thermoregulatory microcapsules employed for their incorporation into various
building materials are presented in Table 3.1 with a summary of their composition.
Table 3.1. List of the microcapsules employed for their incorporation.

Thermoregulatory microcapsules
Name

Shell

Core

Synthesis/Supplier

PolymericSiO2-PCMs

Polystyrene-Divinylbenzene+2
wt% SiO2

Rubitherm®RT27

Suspension
polymerization

mSD(LDPE·EVART27)

Low density polyethylene
(LDPE) and Ethylvinylacetate
(EVA) copolymer

Rubitherm®RT27

Spray-Drying

mSP-(PStRT27)

Polystyrene

Rubitherm®RT27

Suspension
polymerization

Micronal®DS
5001X

Polymethylmethacrylate+SiO2

Heptadecane

supplied by BASF

The main characteristics of the microcapsules is shown in Table 3.2 [1].
Table 3.2. Characteristics of the microcapsules.

Microcapsule

dpn0.5 (m)

dpv0.5 (m)

Tf (ºC)

Δhf (J/g)

Polymeric-SiO2-PCMs

4.0

249.8

26.19

111.2

mSD-(LDPE·EVA-RT27)

3.9

10.0

28.40

98.14

mSP-(PSt-RT27)

116.8

584.0

28.46

96.74

Micronal®DS 5001X

7.1

77.2

27.67

116.2

Where dpn0.5 and dpv0.5 are the average particle size in number and in volume (m),
respectively, obtained by low angle laser light scattering (LALLS), Tf the melting point
of the microcapsules (ºC) and Δhf their latent heat of fusion (J/g).
Table 3.3 provides the chemical compounds utilized for development of the studied
composites as well as their purity and supplier.
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Table 3.3. List of the chemical substances employed in each process.

Reagent (Purity)

Supplier
RPU foams

Polyol Acupol R-4520

Repsol YPF S.A.

Polymeric methylene diphenyl

Poliuretanos Aismar S.A.

diisocyanate CY3001-R (PMDI)
Tegostab B 8404

Evonik Industries

Tegoamin 33

Evonik Industries

Tegoamin BDE

Evonik Industries

Ultra-pure water (1 μS cm–1) (Milli-Q)

-

Gypsum
Black gypsum

Yesos Juarez S.A

Ultra-pure water (1 μS cm–1) (Milli-Q)

-

ssPCM synthesis
Polyethylene glycol 950-1050 g/mol

Sigma Aldrich

Tetraethyl orthosilicate, SiC8H20O4 (98%)

Sigma Aldrich

Sulfuric acid, H2SO4 (95-97%)

Sigma Aldrich

Ethanol C2H6O (96%)

PANREAC

Sodium hydroxide, NaOH (98%)

PANREAC

Ultra-pure water (1 μS cm–1) (Milli-Q)

-

Bricks
Common clays from Santa Cruz de Mudela

Rústicos La Mancha S.L.

3.2.Experimental setups
3.2.1. Syntesis of microcapsules
Due to the large need of microcapsules production to carry out their incorporation into
building materials,

both,

mSD-(LDPE·EVA-RT27) and

Polymeric-SiO2-PCMs

microcapsules were synthetized in two pilot plants based on different techniques.
a) Spray-drying
Microcapsules type mSD-(LDPE·EVA-RT27) were obtained through the spray drying
technique. The experimental setup of the spray drying pilot plant is shown in Figure 3.1.
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The production capacity of the pilot plant is 10 kg/h. The core element of the
installation is the dryer containing a spray nozzle (Dryer Chamber). The diameter of the
dryer is 1122 mm and 3366 mm high, with a lower conic part with an angle of 60º and
971 mm high, resulting in 3.55 m3.
The feed, composed by the paraffin, solvent (heptane) and polymers, is stored in a 1.2
m3 jacketed tank heated with thermal oil (Feed Tank). The feed coming from the Feed
Tank is pumped by a variable speed progressing cavity pump (P1) to the top of the Dryer
Chamber, passing through the spray nozzle.
The output gas stream (N2 + vaporized heptane) generated in the dryer goes through
the bottom of the Dryer Chamber to a high efficiency cyclone separator (Cyclone), where
the dry solid microcapsules are separated and gathered in a 20 litres collector tank
(Collector). On the other hand, the gas stream coming from the Cyclone goes into a 1000
litres venturi scrubber (V.Scrubber), where the gas stream is washed with heptane to
remove the retained particles. Through the bottom part of the V.Srubber the liquid heptane
and the retained particles are separated and stored in the storage tank D1. On the contrary,
the washed gas goes from the upper part of the V.Scrubber to a bag filter (Filter).
After the Filter, the gas stream (N2 + vaporized heptane) enters in a heat exchanger
(Exchanger) through which a cool stream (water + ethylene glycol) from a cooler
equipment (Cooler) is flowing. After the cooling, the output stream pass through a 1000
litres separator tank (Separator), which is perfectly insulated to avoid energy losses.
From the bottom of the Separator, the condensed heptane enters in the storage tank
D1, and the gas stream go through the upper part again into the process. Before its
recirculation into the process the gas stream is mixed with pure nitrogen and compressed
with a Blower. The boosted stream is then heated in a Heater and recirculated into the
Dryer Chamber. Before the Heater part of the stream is divided and derived by by-pass
to the Compressor where the gas is compressed up to 10 bars to carry out in the
atomization process in the spray nozzle of the Dryer Chamber.
During the process the control variables are measured, such as pressure, temperature,
flows, oxygen concentration or liquid level in the different separators. Most of the
equipment are building in AISI 316 stainless steel and assembled, installed and operated
at the ITQUIMA (UCLM). All those elements that can generate an ignition source are
suitable to be used in ATEX zone: Zone 1 Category 2.
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Figure 3.1. Diagram and picture of the Spray dryer pilot plant.

Materials and methods
b) Suspension polymerization
Microcapsules type Polymeric-SiO2-PCMs were prepared by a suspension
polymerization technique. The experimental setup is shown in Figure 3.2. It includes 10
litres borosilicate glass jacketed reactor heated by a thermostatic bath with circulation
(Ultraterm-200, SELECTA) containing polyethylene glycol 400 as the heating oil, which
is a suitable liquid in the temperature range from room temperature to 200 °C. The reactor
is equipped with a reflux condenser, a nitrogen gas inlet tube and a digital overhead stirrer
(Heidolph RZR 2021) with the ability of agitation speeds between 40 and 2000 rpm.
The reflux condenser is associated with a cool water intake to avoid loss of reagents.
The nitrogen gas inlet tube is connected to a gas scrubber (which indicates the nitrogen
supply to the reaction medium, necessary to maintain an inert atmosphere). The agitator
powers a six-bladed Rushton turbine impeller, was built according to the standards [2].
The reactor outlet is located at the bottom of the reactor vessel allowing discharge of the
reaction product. In order to ensure safe handling of the chemicals used in the reactions,
the polymerization system was isolated by a fume hood. The purification of the resultant
microcapsules was carried out by using centrifugation. A RINA model (from Riera
Nadeu) filtering centrifuge installed under the reactor was utilized. It is powered up by an
electric motor of 50 Hz with speed rate of 3000 rpm, and a frequency inverter Altivar
31A. The centrifuge is fed from the top and the liquid waste is collected through the
bottom of the housing. The removable filtering bag in which microcapsules are retained
has a permeability of 27 L m‒2 h‒1.
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(8)

a)

b)

Figure 3.2. Experimental setup for the synthesis of the microcapsules: (a) general view; (b)
schematic diagram: (1) reactor vessel, (2) reactor outlet, (3) thermostatic bath, (4) reflux
condenser, (5) nitrogen gas inlet tube (6) gas scrubber, (7) overhead, (8) filtering centrifuge.

3.2.2. Experimental equipment for the thermal behaviour tests
The equipment developed at the University of Castilla–La Mancha and proved in a
previous work is shown in Figure 3.3 [3]. The experimental set up consists of a hollow
metallic box of aluminium, through which a coolant liquid is constantly flowing by means
of a peristaltic pump from a thermostatic bath at the desired temperature. This liquid
allowed the manipulation of the temperature on the aluminium cell. The liquid flow was
high enough (100 l/h) to ensure the absence of thermal profile in the flow direction. The
dimensions of the aluminium cell were 10 x 6 x 3 cm3 with a wall thickness of 1.0 mm.
An internal diffuser plate was incorporated into the cell to improve the liquid distribution
avoiding the formation of preferential flow paths. As shown in Figure 3.4, the sample
with the same dimensions (10 x 6 x 3 cm3) was placed on the upper surface of the
aluminium cell and further insulated with foam boards of 3.9 cm thickness. Six
thermocouples K-type were located across the probe thickness to measure temperatures:
two were put in the external sample surface (Tup), other two were placed at the cell (Tdown)
and two more in the middle of the sample (Tcentre). Moreover, another thermocouple is
located into the chamber (Tchamber) in order to check the isothermal conditions. In the same
way, the heat fluxes were measured by using gSKIN®-XI and gSKIN®-XP heat flow
sensors located on each face of the sample as shown in Figure 3.4. All these signals were
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registered continuously using the NOKEVAL program and recorded by means of a
computer.

1

2

3

4

6

5

7

8

Figure 3.3. Experimental equipment for the thermal behaviour tests: 1) rotameter; 2) signal
transmiter; 3) computer for data logging; 4) peristaltic pump; 5) thermostatic bath; 6)
termocouples; 7) isothermal chamber; 8) insulating structure.

Tup
Tdown

Tcenter

Tup
Tdown

Insulating foam

xf

QOut3

QOut2

QIn

0

Flow direction
Aluminium Cell

QOut1
Figure 3.4. Heat flux sensor position in the experimental set up for the materials thermal
behavior tests.
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3.2.3. RPU foams at controlled low-pressure condition
RPU foams were synthetized in a prismatic mould for foaming with 20 x 20 x 13 cm3
as dimensions. To control the pressure during the growth period, foams are introduced in
a Nüve EV 018 vacuum oven (Figure 3.5), fitted with a vacuum pump and a vacuometer
DIVATRONIC DT1 for pressure regulation. Finally, the obtained foams were cured at
room temperature. Figure 3.6 shows a scheme of the facility for the RPU foams synthesis.

Figure 3.5. Nüve EV 018 vacuum oven for controlling the foaming pressure.

Figure 3.6. RPU foams synthesis facility scheme.

3.2.4. Installation for the synthesis of ssPCM
The installation (Figure 3.7) consists of a 100 ml borosilicate glass reactor in contact
with an oil bath which is heated by a magnetic agitator Agimatic-ED with heating. The
agitator works in a range of speed between 60 and 1600 rpm, and temperature between
50 ºC and 350 ºC. The four-bladed Rushton stirring system, sealed using a stirrer bearing
SVL® made of Teflon, is driven by an overhead stirrer Heidolph RZR 2021 model (with
an agitation speed from 40 to 2000 rpm).
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Figure 3.7. Installation scheme for the ssPCM synthesis

a) Scale up
In order to produce enough amount of ssPCM for its incorporation into the bricks the
synthesis of ssPCM was scaled up. The reactor showed in Figure 3.2, with 10 litres of
capacity and geometrically proportional to that used on the laboratory scale, was
employed with the purpose of increasing the production of the ssPCM. As in the
laboratory scale, the stirring system is sealed using a stirrer bearing SVL® made of
Teflon.
3.2.5. Form-stable PCM synthesis techniques
Two different techniques were tested for the incorporation of ssPCM in bricks with
different porosities: immersion technique and vacuum impregnation.
a) Immersion
The setup, showed in Figure 3.8, consists of a methacrylate container with 60 x 50 x
10 cm3 dimensions. The heating and stirring were carried out by using two immersion
thermostats, and a heating blanket surrounding the container in order to keep the
temperature above the melting point of the PEG. A metal mesh was installed on the
bottom of the container to avoid the contact of the bricks with the methacrylate.
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Figure 3.8. Scheme of the immersion technique for the preparation of the form-stable PCMs.

b) Vacuum impregnation
The vacuum impregnation was carried out in a 2 litres vacuum flask connected to a
vacuum pump and a vacuometer DIVATRONIC DT1 for pressure regulation. The heating
and stirring were carried out with a heating plate and a magnetic stirrer inside the vacuum
flask. Once the initial mixture was added into the vacuum flask it was covered with a
glass stopper (Figure 3.9).

Figure 3.9. Approach of the vacuum impregnation technique.

3.3.Experimental procedures
3.3.1. Microcapsules synthesis
a) Spray drying
The spray dryer used for the mSD-(LDPE·EVA-RT27) synthesis is exposed in Figure
3.1. The operating conditions and formulation used to obtain the microcapsules
containing the PCMs are based on the results obtained at laboratory scale and reported in
the European patent EP2119498 (A1) [4] and different experiments carried out by our
research group at pilot plant scale. In summary, a homogeneous feed stream was atomized
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by means of a carrier gas stream (compressed N2). Following atomization, the solvent
was evaporated and the particles were dried by an additional nitrogen stream in the drying
chamber. The final product was recovered in the collector. Results obtained at lab scale
indicated that a 63 wt% of the fed solid materials were transformed into microcapsules
and the non-encapsulated ones were recovered and recycled to the process. Figure 3.10
shows a picture of the stock after some days of production.

Figure 3.10. Stock of microcapsules produced by spry drying technique.

b) Suspension polymerization
Polymeric-SiO2-PCMs microcapsules were performed by a suspension polymerization

technique using the experimental setup shown in Figure 3.2. The synthesis process
includes two phases: a continuous phase composed by methanol, water and the
suspending agents and a discontinuous phase containing the monomers, core material,
nanosilica, initiator and diluent.
Initially, the half of the methanol and the stablished amount of water and
polyvinylpyrrolidone (PVP) is transferred to the reactor at a fixed temperature and
agitation that allow us to obtain the desired microcapsules. Additionally, the water shutoff valve (condenser) and the nitrogen valve are opened to ensure the condensation of the
up flowing vapors and an inert atmosphere in the system. When the temperature is
stabilized, the initiator (Azobisisobutyronitrile, AIBN), nanosilica, and paraffin are
added. After its addition the paraffin should be preheated, after that the nanosilica is
dissolved in the other half of the methanol together with the AIBN to ensure the dispersion
of both components in the reaction. The mixture of methanol, nanosilica and AIBN can
be added to the reactor, waiting until a homogeneous mixture is obtained. Finally, the
fixed amount of styrene is added together with the divinylbenzene (DVB). When the
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reaction is completed, after 24 hours, stirring and heating are stopped and the water and
nitrogen valves are closed. The product is subsequently discharged into a glass beaker,
separated from liquid by centrifugation and finally dried at room temperature for at least
24 h.
3.3.2. RPU foam synthesis
RPU foams were synthesized in a foaming prismatic probe of 20 x 20 x 13 cm3 by
weighting first the desired masses of the polyol, silicone, water, amine and mSD(LDPE·EVA-RT27) and further stirring the mixture during 1 min. Then, the
corresponding mass of isocyanate was added to the mixture and the resulting solution was
stirred for just 5 seconds until the moment at which the foam started to grow up. Finally,
the obtained foams were cured at room temperature. Table 3.4 summarizes the initial
formulation used for the synthesis of a foam without microcapsules based on previous
works [5,6].
Table 3.4. Mass ratio of the reactants for the synthesis of polyurethane foams without
microcapsules.

Reagent

Mass Ratio

Polyol

1.000

Water

0.025

Silicone

0.015

Tegoamin 33

0.025

PMDI

1.000

In order to study the influence of the microcapsules on the thermal properties of PU
foams, the amount of the rest of the compounds remain constant (greference) and the quantity
of the microcapsules added for each different percentage is calculated by means of the
next expression:
𝑔𝑃𝐶𝑀 =

𝑔𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ∙ %𝑃𝐶𝑀
100 − %𝑃𝐶𝑀

(3.1

where %PCM is the percentage of microcapsules and gPCM the mass of microcapsules
to add in the final formula.

74

Materials and methods
a) Scale up for the RPU foam synthesis
The synthesis of RPU foams containing thermoregulatory microcapsules was scaled
up in order to test the composites in real scale. RPU foams were synthesized in a foaming
prismatic probe of 60 x 76 x 76 cm3 following a similar procedure to the used at laboratory
scale. In this case, the mixture polyol-microcapules was preheated at 40 ºC in order to
promote a homogeneous blend. Moreover, once the corresponding mass of isocyanate
was added to the mixture the resulting solution was stirred for just 25 seconds until the
moment at which the foam started to grow up. The stirred was carry out with a stirring
mechanism Bosch GRW 18-2 E Professional, having a stirrer basket of 160 mm diameter.
The obtained foams were cured at room temperature for 48 hours and later cut into 3 cm
thickness slices and 75 x 45 cm2 of surface. Figure 3.11 shows some pictures of the
process.

Figure 3.11. Synthesis of the RPU foams containing microcapsules for their tested at
real-scale.
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3.3.3. RPU foam synthesis using controlled low-pressure conditions
The same procedure described in the previous previously was used for the synthesis of
the foams under controlled low-pressure conditions. In this case, to control the pressure
during the growth period, foams are introduced in the device abovementioned (Figure
3.5). PU foams were synthesized at atmospheric pressure, 800 and 700 mbar. Finally, the
obtained foams were cured at room temperature. The nomenclature designated for the
composites was FoamPressure-mSD-(LDPE·EVA-RT27)%, where the subscript Pressure is the
operational pressure used for the foam synthesis and mSD-(LDPE·EVA-RT27)% the
percentage of embedded microcapsules. In that way a composite synthetized at 800 mbar
and with 20 wt% of mSD would be named as Foam800-20%.
3.3.4. Gypsum blocks manufacturing
Gypsum blocks were synthesized by weighting and mixing first the known masses of
hemihydrate and microcapsules and then the mixture was added to the water mixing
constantly under vigorous agitation during at least 1 minute. Finally, the mixture was
poured into a mold of 3 x 6 x 10 cm3 for the thermal analysis and to a mold of 4 x 4 x 16
cm3 for the mechanical tests and further, they were left to set at atmospheric conditions.
The water:hemihydrate mass ratio was initially fixed at 0.48, which corresponds to the
same volume of water than hemihydrate.
3.3.5. ssPCM synthesis
PEG was melted at 50 ºC, and further known masses of ethanol, water, sulfuric acid
and tetraethyl orthosilicate were added to the melted polyol. The temperature was
controlled at 50 ºC in the installation showed in Figure 3.7. After stirring for 30 min, the
proper amount of sodium hydroxide was added into the mixture in a second catalysis step,
in order to obtain a fast condensation. Finally, the mixture was cured in a heating oven at
50 ºC for 24h.
a) Extraction of PCM with ethanol
In order to gain a greater understanding about the connection between the organic
compound and the silica matrix, the PCM was completely extracted from the ssPCM
using ethanol. Samples were immersed under stirring conditions in absolute ethanol for
48 hours. After this process, the absence of latent heat was corroborated by DSC analysis.
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3.3.6. Form-stable PCM synthesis
Two different techniques were tested for the incorporation of ssPCM in bricks with
different porosities: immersion technique and vacuum impregnation. In both methods the
sol mixture was adsorbed by capillary action into the porous brick, and later gelled by
changing the pH of the medium.
During the immersion process the temperature was set at 50 ºC. The bricks were
immersed in the sol mixture and removed at different times. After this process, they were
smeared with a NaOH solution to promote the gelation of the sol inside the porous of the
bricks and further the wet bricks were placed into an oven at 50 ºC for 24 hours. The same
process was carried out for the vacuum impregnation with a pre-treatment of the bricks
at vacuum conditions for 1 hour. To calculate de diffusivity of the liquid in the building
material, each sample was weighted before and after the ssPCM incorporation. In that
way, three bricks were spent for each adsorption time.
3.4.Characterization techniques
3.4.1. Differential scanning calorimetry
Measurements of melting point, latent heat storage capacities and thermal cycling
stability of different materials were performed in a differential scanning calorimetry
(DSC) model DSC Q100 (Figure 3.12) from TA Instruments (enthalpy precision ±0.04
%), equipped with a refrigerated cooling system. Measurements were carried out in the
temperature range from −20 to 60 °C with a heating and cooling rate of 3 °C min-1 under
nitrogen atmosphere.

Figure 3.12. Differential scanning calorimeter.

77

Chapter 3
3.4.2. Thermogravimetric analysis
Thermogravimetric analyses (TGAs) of the different composites were performed by
by using a TA Instrument equipment model SDT Q600. The conditions used for the
analyses were a heating rate of 10 ºC/min from room temperature to 700 ºC under nitrogen
atmosphere. This equipment presents a calorimetric precision of ±2 % (based on metal
standards) and a balance sensitivity of 0.1 μg.
3.4.3. Scanning electron microscopy analysis
Synthesized composites were depicted by means of Scanning Electron Microscopy
(SEM) by using a FEI QUANTA 200 in order to visualize possible changes in their
cellular structure in the case of the RPU foams, or their crystal length in gypsum blocks.
In the same way, the microcapsules location was also studied when different amounts of
particles are added. The average cellular size and the strut thickness as well as the gypsum
crystal size were determined by the software Motic Image Plus.
3.4.4. Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FT-IR) was utilized to identify the
characteristic functional groups present in the raw materials and final products during the
development of ssPCMs. Spectra were recorded in the 600-4000 cm-1 region using a
Varian 660-IR spectrometer, (Figure 3.13) with a resolution of 2 cm-1 (16 scans). The
equipment was equipped with an attenuated total reflectance (ATR) accessory (with a
wavelength accuracy and precision >0.01 cm and >0.005 cm, respectively. This accessory
contains a pressure mechanism for good sample-to-crystal contact.

Figure 3.13. Infrared spectrometer.
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3.4.5. Bulk density, true density and porosity
The bulk density of the composites, bulk, was determined by weighing and sizing the
test prisms. The matrix density or true density, comp, was determined by helium
pycnometry (Micromeritics Accupyc 1330). The porosity of the brick and gypsum
composites,  (Eq.3.2) were estimated from the bulk density, the matrix density and
assuming that their pores are filled of air. The air density, air, was assumed to be 1.186
kg/m3, which corresponds to the air at normal conditions.
𝜀=

𝜌𝑐𝑜𝑚𝑝 − 𝜌𝑏𝑢𝑙𝑘
𝜌𝑐𝑜𝑚𝑝 − 𝜌𝑎𝑖𝑟

(3.2

In the case of RPU foams, the apparent and normalized densities (bulk/comp) of the
foams are critical parameters for the further evaluation and prediction of the mechanical
properties [7]. Besides, by using the composite density and the microcapsules and the
polyurethane densities (PCM and PU, respectively), the microcapsule volume fraction of
the composite in the strut of the foam (𝑓 ) can be calculated by Eq.3.3.
𝜃𝑓 =

𝜌𝑐𝑜𝑚𝑝
⁄𝜌𝑃𝑈
𝜌𝑃𝐶𝑀
1−
⁄𝜌𝑃𝑈

1−

(3.3

3.4.6. Mechanical test
a) RPU foams
Compressive properties of foams were analysed according to standard ASTM D1621
for rigid cellular plastics. Uniaxial compression tests were performed using a MTS 370.02
testing instrument. The compression tests were carried out at a cross-head speed of 2.5
mm/min. The tested foam specimens were prism of 5.1 x 5.1 x 2.6 cm3 and each analysis
was repeated 3 times. From these test results, the Young’s modulus (E*) is determined as
the slope value of the initial part of the compression curves, while the collapse strength
∗
(𝜎𝑝𝑙
) is determined as the point in which the plateau region starts or, in absence of plateau,

in the inflection point of the curve [7].
b) Gypsum blocks
The mechanical properties of the developed composites were analyzed by using a MTS
370.02. The compressive and flexural strengths were calculated according to standard Nº
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EN 13279-2:2004 for gypsum binder and gypsum plasters [8]. The flexure test was done
using prisms samples of 40 x 40 x 160 mm3 applying a load rate of 50 N/s until fracture.
The compressive strength was measured using the broken prisms samples. A load rate of
1 N/mm2·s was applied over 40 x 40 mm2 surface load application until fracture.
3.4.7. Microcapsules distribution and average latent heat of foams
The homogeneity of microcapsules distribution into the foam was studied in microscale by DSC analysis of samples taken out from three different zones: up, middle and
down. Three samples from each zone were analysed. They were cubic shaped and with a
weight close to 6.0 mg. The microcapsules presence and its amount into the foam can be
obtained by the area under the peak observed at the PCM melting point. DSC analyses
were performed in the range from -20 ºC to 50 ºC at a heating rate of 5 ºC/min.
TES capacity in a micro-scale (TESDSC in kWh/m3) for the different composites can be
obtained from DSC analyses using the following equation:
𝑇𝑜𝑓𝑓𝑠𝑒𝑡

𝑇𝐸𝑆𝐷𝑆𝐶 = ∫18º𝐶

𝜌

𝑏𝑢𝑙𝑘
𝐶𝑝𝑇𝑜𝑡𝑎𝑙 𝑑𝑇 ∙ 3.6·10
6

(3.4

where Toffset (ºC) is the offset heating temperature of microcapsules, 𝐶𝑝𝑇𝑜𝑡𝑎𝑙 (J/gºC) is
the apparent heat capacity of the composite obtained by Modulated Differential Scanning
Calorimetry (MDSC) and  is the apparent density of the sample (kg/m3).
3.4.8. Thermal behaviour of the composites
The thermal behavior of the composites doped with microcapsules has been studied
using a homemade equipment described previously (Figure 3.3). Tests were carried out
applying a thermostatic bath set-point step change from 18 to 40 ± 0.1 ºC (15 to 42 ºC in
the case of bricks because of the melting range of the used PCM) while temperatures at
different sample locations and the inlet and outlet heat fluxes were registered with time.
When it was necessary an additional step from 40 to 18 ºC was set after the steady state
was achieved. All these signals were registered continuously using the NOKEVAL
program and recorded by means of a computer. Using these signals and equations 3.5, 3.6
and 3.7, it is possible to quantify the equivalent specific heat capacity in a temperature
range (cp), the TES capacity per cubic meter and the effective thermal conductivity at the
final steady state (k), respectively.
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𝑐𝑝 =

𝑞𝑎𝑐𝑐
𝑚𝑠𝑎𝑚𝑝𝑙𝑒 ·(𝑇𝑢𝑝𝑓 −𝑇𝑢𝑝𝑖 )

𝑇𝐸𝑆 =

𝑘=

𝑞𝑎𝑐𝑐
𝑚𝑠𝑎𝑚𝑝𝑙𝑒

·

𝜌𝑏𝑢𝑙𝑘
3.6 · 106

𝑄𝑖𝑛 · 𝑥𝑓
𝑇𝑑𝑜𝑤𝑛 − 𝑇𝑢𝑝

(3.5
(3.6

(3.7

where qacc is the amount of accumulated heat in the sample during the experiment (J),
msample is the composite mass (kg) and Tupf and Tupi are the average values of Tup at the
final and initial conditions, Tdown is the average value of the temperature at that position,
TES is the thermal energy storage capacity (kWh/m3), bulk is the bulk density of the
sample (kg/m3), Qin is the inlet heat flux at the final steady state condition (W/m2) and
x f (m) is the composite thickness.

Additionally to the thermal behavior of the composites, the thermal behavior of a block
constituted only by the Polymeric-SiO2-PCMs was tested using an aluminum cell of 3 x
6 x 10 cm3 completely full of this material.
3.4.9. Gelation time and viscosity
The gelation time of the synthesized ssPCMs was performed by a rheological study.
13 ml of the samples were used in a Bohlin Gemini rheometer. The device operates
through the rotation of a shaft on a container where the sample was introduced, allowing
the determination of the viscosity by measuring the resistance of the rotational force. The
rheological measurements were carried out at continuous oscillation of 1 Hz, under
controlled stress of 3.9 N/m2 and an isothermal temperature of 50 °C. From the
rheological study, the storage and loss modulus G’ and G’’, respectively, were obtained.
The gel time was taken out at the inflection point of the log G’’ curve [9]. On the other
hand, the viscosity of the pure PEG1000 and the ssPCM not gelled were obtained in the
same rheometer device at 50 ºC, but using a cone (CP 1º/60) with 60 mm of diameter and
a share rate from 15 s-1 to 1570 s-1, recording the data every 10 s.
3.4.10. ssPCM short-term leakage test.
The samples were put on an adsorbent paper and further they were introduced into an
oven under 60 ºC for 1 day. Their weights were measured before and after the heating
process in order to quantify the amount of leaked material.
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3.4.11. Form-stable PCM and ssPCM long-term leakage test
With the aim of studying the long-term thermal stability of the obtained form-stable
PCMs and ssPCMs a leakage test was accomplished. The study was conducted using a
climatic chamber (NUVE TK120) with a 65% of relative humidity. In the climatic
chamber, the samples are subjected to 100 thermal cycles, heating up (5 to 45 ºC) and
cooling down (45 to 5 ºC) at heating and cooling rates of 0.29 and 0.28 ºC/min
respectively. Each temperature steady state was hold for 1 hour. Their weights were
measured before and after the cycles to quantify the amount of leaked material.
3.4.12. Adsorption capacity of form-stable PCMs
The maximum adsorption capacity (Ce) of the bricks by immersion technique was
studied. The different porous bricks were immersed into the sol mixture at 50 ºC until
their mass were constant (around 72 hours), after that they were smeared with a NaOH
solution and further cured at 50 ºC for 24 hours, obtaining the final form-stable PCM. The
selected time (72 hours) is enough long to allow the least porous brick to be filled with
the sol without a significant change in the sol viscosity.
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Chapter 4
Abstract
The reduction of the heat loss by incorporating microcapsules into rigid polyurethane
(RPU) foams was studied. This way, composite foams containing between 0 and 50% by
weight of microcapsules were synthesized. Microcapsules named as mSD-(LDPE·EVART27) manufactured in a semi-industrial plant of Spray Drying were used. TES capacities
of these composites were quantified by micro and macro scale, observing that PCMs
inside the foam were not entirely melted. The incorporation of microcapsules in the foam
structure provokes an increase of the incoming heat flux but produces a reduction of heat
losses respect to the foam without microcapsules in the transient state. Besides, the
thermal conductivity of the composites increases with the content of microcapsules but
this increase is partially related to the non-entirely melted PCM. A mathematical model
was proposed in order to quantify the total amount of PCM melted during the test and it
was possible to confirm that a temperature higher than 36 ºC is required to reach the total
melting of the PCM. From the thermal point of view, it was found that an amount of 40
wt% of microcapsules is the proper quantity to produce thermoregulating foams which
combine the two advantages: energy accumulation and insulation during the transient
state. The latent heat of this composite was higher than those values reported in literature
for thermoregulating RPU foams using MicroPCMs from melamine-formaldehyde or
styrene–divinybenzene (DVB) copolymer containing n-tetradecane or n-octadecane,
respectively. Moreover, whether these materials are implemented in building envelopes,
the amount of CO2 emitted to the atmosphere could be reduced as well as saving energy.
On the other hand, the influence of microcapsules on the foams density, microstructure
and mechanical resistance was studied. Cell size and strut and wall thicknesses were
analysed by SEM, observing a cell structure change form polyhedral closed-cells to
spherical or amorphous open-cells. Gibson and Ashby formulations and the Kerner
equation for mechanical properties of composites were used to predict the Young’s
moduli and collapse stress. A good agreement between the experimental Young´s moduli
and collapse stress and theoretical data was observed using the densities and the foam
microstructure of the composites but requiring a cell form factor. Thus, fitting parameters
mathematically confirmed the high trend of these microcapsules to be incorporated into
the foam cell walls and the form factors depicted the abrupt change of cell morphology.
Thus, these equations are suitable for predicting the mechanical properties of foams
containing fillers with low mechanical resistance.

86

RPU foams containing thermoregulating microcapsules
Once the advantages of these composites at laboratory scale were proved, the optimal
RPU foam containing microcapsules was scaled up, and installed in slabs at full-scale in
a test house available in the Demo Park of Acciona (Algete, Spain). Taking into account
both thermal, mechanical and economic considerations, the foam containing a 30 wt% of
microcapsules was the chosen composite for this test. The measurements were done for
one week in September 2014, in two test houses, one covered with the selected composite
and the control house with a standard low density RPU foam. At full-scale the RPU foam
composites containing 30 wt% mSD-(LDPE·EVA-RT27) exhibited a high thermal
damping behavior during the day, however, a loss of insulating capacity was observed at
night. Although at laboratory scale the developed material has proved its potential, some
considerations should be taking into account before the use of these kind of composites
at full-scale,
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4.1.Background
Polyurethane (PU) foams are highly crosslinked cellular thermoset plastics with very
interesting properties since they present low thermal conductivity, high strength-toweight ratio, low moisture permeability, good chemical stability and high durability. In
addition, they are chlorofluorocarbon free and recyclable [1-5]. These unique properties
make them one of the most important plastics throughout the world [6]. Besides, the PU
foams properties are constantly being improved, looking for high performance
composites, by the addition of different fillers.

In that way, metal hydroxides or

phosphorous based additives for flame retardance [7-9]; carbon nanotubes or clay for
mechanical resistance [10-12]; powered activated carbon or chitosan for contaminants
adsorption capacity [13,14]; PCMs for thermal energy storage [15-19]; silver
nanoparticles for antimicrobial properties among others, are being used [20].
Thanks to all the aforementioned properties, polyurethane foams are considered to be
the best insulating materials for buildings, cold storages, telecom and defence shelters
[21]. Furthermore, their combination with PCMs in building envelopes allows to reduce
heating and cooling losses at the time that stores energy; being one of the main focus of
many research works to improve the energy efficiency in buildings [22,23].
In a previous work, mSD-(LDPE·EVA-RT27) microcapsules were added up to a 21
wt% in RPU foams and their effect on the foam properties were compared with those
caused by another two microencapsulated PCMs: one with a polystyrene shell and
commercial Micronal®DS 5001X from BASF [16]. This study demonstrated that foams
incorporating microcapsules of LDPE and EVA -mSD-(LDPE·EVA-RT27)- presented
similar thermal energy storage capacity than the other but with better mechanical
properties. Therefore, in this chapter these microcapsules were selected for studying the
effect on the thermal properties of higher contents of thermoregulating materials (up to a
50 wt%) into RPU foams synthetized according to the formulation commented in section
3.3.2. The way in which these composites absorbs the energy and how large are the heat
losses during the transient state when they are used as a building envelope has not been
previously described in literature. Besides, a new quite simple mathematical model based
on the apparent heat capacity obtained by differential scanning calorimetric analyses was
proposed in order to know the total amount of PCM that was melted at a specific indoor
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temperature. The influence of the microcapsules content on the thermal properties of
composite foams was studied in the first part of this chapter.
On the other hand, the incorporation of these RPU foams as insulating materials is
done as core of sandwich structures that are able to provide high stiffness [24]. It also
known that the sandwich structure fails in most of the cases due to the failure of the RPU
foam by shear, tensile or compression [24,25]. Therefore, considering the importance of
the mechanical strength in these composites, the second section of this chapter covers the
influence of the microcapsules on the RPU foams mechanical properties.
There are few authors that analyzed the influence of the microencapsulated PCMs on
the mechanical properties since they are mainly focus on their thermal improvement.
Bonadies et al., observed a decrease in the mechanical properties of poly(vinyl alcohol)
based foams when adding PCMs and attributed the decrease to the lower crystallinity of
the new foams [26]. On the other hand, Goitandia et al. [27], add a 10 wt% of a composite
from silica and hexadecane as stabilized PCM into PU foams, strengthening the
mechanical strength in a 27-30%. They observed that for this percentage, the PCMs
composites acted as nucleating agents, leading to a noticeable increase of the number of
foam cells. However, a deep analysis of reasons that promotes the different changes on
these mechanical properties when PCMs are added into foams has not been found. These
mechanical properties usually depend on the foam density and structure and a complete
study of these properties would allow to model the mechanical behavior of the foams
depending on them [10,28].
In this second part, the suitability of Gibson and Ashby formulations and the Kerner
equations (discussed below) for modelling the influence of mSD-(LDPE·EVA-RT27) on
the foam mechanical properties is going to be studied. In order to achieve this aim, the
influence of microcapsule contents on the fundamental RPU foam properties such as
morphology, strut thickness, cell size, density and mechanical resistance was analyzed.
Finally, the relationship of the mechanical properties with the foam density and
microstructure were studied, considering not only the variation in the cell and strut sizes
but also the cell shape changes.
Once the characterization of the composites synthetized at laboratory scale was done,
the most suitable composite was selected in order to carry out its testing at full-scale in
the Demo Park of Acciona (Algete), where the obtained slabs were installed.
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4.2.Modelling considerations
One of the most commonly used models to predict the Young’s modulus (E*) and the
∗
plastic collapse stress (𝜎𝑝𝑙
) of composite rigid plastic foams subjected to compression is

the one proposed by Gibson and Ashby. According to these authors, the dependence of
𝜌

∗
E* and 𝜎𝑝𝑙
with the normalized density 𝜌 𝑏𝑢𝑙𝑘 and microstructure of the foam is defined
𝑐𝑜𝑚𝑝

by Eq. 4.1 and 4.2, respectively [29].
𝐸∗
𝐸𝑐𝑜𝑚𝑝
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+ 𝐶4 (1 − 𝜙)

𝜌𝑏𝑢𝑙𝑘
𝜌𝑐𝑜𝑚𝑝

(4.1

(4.2

where 𝜌𝑏𝑢𝑙𝑘 is the apparent density, comp is the composite density and Ecomp and ycomp
are the moduli and the yield stress of the composite material, respectively. C1 to C4 are
constants of proportionality and  is a parameter that means the fraction of the polymer
that is in the struts of the cells and, therefore, the first and second right terms correspond
to the strut and walls contributions to the foam modulus and strength, respectively. Thus,

 parameter depends on the cell structure and can be calculated from it according to Eq.
4.3.
ϕ=

𝑡𝑠𝑡 2
2
𝑡𝑠𝑡 +𝜓𝑡𝑤 𝑑

(4.3

where tst and tw are the strut and wall thicknesses, respectively, d is the cell diameter and

 is a variable that can be defined as an implicit function of the form of the cell foam
shape. In case of regular polyhedron,  is function of the number of walls that meet at a
strut (Zw), the average number of edges per cell (𝑛̅), the strut length (l) and the strut
thickness, following Eq. 4.4 [29].
𝜓=

𝑍𝑤 (𝑙−𝑡𝑠𝑡 )2
𝜋
𝑛

4𝑑𝑙𝑡𝑎𝑛 ̅

(4.4

If the shape of the cell is irregular, this variable is not reported in literature, although
it could be also function of the above microstructure parameters and any other additional
possible shape contributions.

90

RPU foams containing thermoregulating microcapsules
Besides, according to Eq. 4.1 and 4.2, the Young’s modulus and the plastic collapse
stress of close cells foams are also dependent on the modulus and the yield stress of the
composite material, respectively.
The mechanical properties of reinforced composites with fillers are usually modelled
by the Kerner equation modified by Halpin and Tsai, which for the case of the Young’s
modulus presents the form of Eq. 4.5 [30].
1+𝐴𝐵

𝐸𝑐𝑜𝑚𝑝 = 𝐸𝑚 [ 1−𝐵 𝑓 ]
𝑓

(4.5

where Ecomp and Em are the moduli of the composite and host matrix, respectively, 𝑓 is
the volume fraction of the filler (Eq. 3.3) and A and B are described by Eq. 4.6 and 4.7.

𝐴=

𝐵=

7 − 5𝜐𝑚
8 − 10𝜐𝑚

(4.6

(𝐸𝑓 ⁄𝐸𝑚 ) − 1
(𝐸𝑓 ⁄𝐸𝑚 ) + 𝐴

(4.7

where 𝜐𝑓 is the Poisson ratio of the matrix material and 𝐸𝑓 is the moduli of the filler.
Regarding the 𝜎𝑦𝑐𝑜𝑚𝑝 , it is proportional to the Ecomp and for rigid polymers this
proportion (𝜎𝑦𝑐𝑜𝑚𝑝 /Ecomp) is constant and has an approximate value of 1/30 [29].
These equations are commonly used for modelling and predicting the mechanical
properties of composite foams containing fillers with mechanical properties greater than
those of the foams. In this work, the suitability of these equations for modelling the
influence of a filler of low mechanical strength on the foam mechanical properties is
going to be studied.
4.3.Results and discussion
Figure 4.1 shows the synthesized PU foams with mSD-(LDPE·EVA-RT27) contents
from 0 to 50 wt%, indicating that is possible to obtain thermoregulatory foams with high
microencapsulated PCMs content. However, an important reduction in the final foam
height is observed from an addition of 30 wt%, leading to a large increase in the density
of the insulating material.
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Figure 4.1. Photograph of the foams with different mSD-(LDPE·EVA-RT27) percentages.

4.3.1. Foam density
The apparent density (bulk) of the foam and the composite density (comp) are shown
in Figure 4.2.
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Figure 4.2. Apparent densities and composite densities of the PU foams as function of the
microcapsule content.

As can be seen, bulk increases with the mSD-(LDPE·EVA-RT27) content but the
increase is even higher for microcapsules content greater than 30 wt%. While until 30
wt% of microcapsules content the foam is able to retain the CO2 generated during
polyurethane bond forming; for greater values, the large amount of microcapsules favour
the release of CO2, resulting in even greater densities. The gas loss during the foam
formation is undesirable because promotes the increase of the foam thermal conductivity,
decreasing its insulation capability. Nevertheless, the higher the quantity of
thermoregulating microcapsules, the greater the thermal energy storage capacity of the
synthesized composites. Hence, it is possible that although the thermal conductivity of
the composites increases, this material could work as a super insulating, reducing the heat
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losses through the building envelope. Moreover, these densities satisfy the Spanish
regulations for the use of RPU foams in building applications (UNE 92120) which
specifies the lowest value in 30 kg/m3.
On contrary, comp decreases with the microcapsules addition, since they have a density
value of 0.866 g/cm3, which is lower than the pure polyurethane value (1.366 g/cm3).
Considering the above measured densities, the microcapsules contribution to the total
solid volume without gas can be quantified by using Eq.3.3. Results of 𝑓 as function of
the microcapsule content are shown in Figure 4.3.
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Figure 4.3. Filler volumetric fraction (𝑓 ) depending on the content of microcapsules in the
RPU foam.

It can be observed in Figure 4.3, that the volume fraction of the microcapsules is higher
than their mass fraction, since the microcapsules are less dense than the polyurethane
matrix. Besides, the trend of this parameter is almost square, following a concave shape.
4.3.2. Microcapsules distribution and average latent heat of the foams
In order to confirm the homogeneous distribution of the microcapsules along the foam
height, the latent heat values of samples from three different zones of the foaming
prismatic probe (down, middle and up) were quantified by DSC analysis as described in
section 3.4.7 (Figure 4.4).
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Figure 4.4. Latent heat of the foam zones for the different microcapsules content obtained
by means of DSC analysis.

These analyses confirm that the microcapsules are homogeneously distributed by the
whole foam because all of them showed the same latent heat value independently of the
sampling height. On the other hand, a linear relationship can be observed between the
latent heat and the mSD-(LDPE·EVA-RT27) content with a constant of proportionality
of 0.8151 (J/g)/wt% which is consistent with the amount of PCM incorporated.
Comparing this value with the microcapsules latent heat (98.14 J/g), the thermal
efficiency of mSD-(LDPE·EVA-RT27) inside the foam is 83%. Thus, the mSD(LDPE·EVA-RT27) are homogeneously distributed through the foam and their addition
into RPU foams increases substantially their TES capacity.
Latent heat values of composite foams having a content of mSD-(LDPE·EVA-RT27)
above 30 wt% are higher than those reported in literature for the passive thermal energy
storage in RPU foams, using MicroPCMs from melamine-formaldehyde or styrene–
divinybenzene (St-DVB) copolymer containing n-tetradecane (24.9 J/g) or n-octadecane
(24 J/g), respectively [31,32].
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4.3.3. Thermal behaviour
a) Heat fluxes profiles
Figure 4.5 shows the input and output heat fluxes, measured in the equipment for the
thermal behaviour tests described in section 3.2.2, for both external sample surfaces
respect to their corresponding Tdown and Tup and the incoming heat flux of mSD(LDPE·EVA-RT27) as function of the temperature from the DSC analyses.
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Figure 4.5. Qin and Qout as function of the Tdown and Tup for the RPU foams with the different
mSD-(LDPE·EVA-RT27) percentages subjected to a thermostatic bath set-point step change
from 18 to 40 ºC.
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As can be observed in Figure 4.5a, input heat flux exhibits a dome shape as function
of the temperature during the transient state corresponding with this temperature step
change. Generally, the more abrupt the dome, the higher the mSD-(LDPE·EVA-RT27)
content into the RPU foams. This way, the higher the microcapsules content, the higher
the incoming heat flux, reaching a maximum for the RPU foam containing a 50 wt% of
microcapsules (132.9 W/m2) which is up to 150% over the respective value of the foam
without PCM (53.0 W/m2). The dome of the RPU foam containing a 50 wt% of
microcapsules is more similar to that of pure mSD-(LDPE·EVA-RT27) obtained by DSC.
Nevertheless, the incoming heat fluxes at the steady state tend to be independent on the
mSD-(LDPE·EVA-RT27) content and they are similar to that of the RPU foam free of
microcapsules. Foam composites reached their steady state at a temperature of 35 ºC
(Tdown) whereas the subsequent heated aluminum layer had a higher temperature of 36 ºC,
indicating the insulating capacity of the RPU foams. According to this steady state (35
ºC), all paraffin close to the down surface is completely melted because that temperature
is higher than the melting temperature range of the microcapsules which is within 20 and
30 ºC. Hence, microcapsules increase the incoming heat flux into the foam during the
transient state but once the stationary state is reached, the heat fluxes tend to be equal and
independent on the microcapsule content.
Figure 4.5b shows that the RPU foam free of microcapsules presents highest heat loss
during the transient state, being the lowest heat loss the one observed for the RPU foam
containing 40 wt% of microcapsules. According to these results, an addition of
microcapsules beyond 40 wt% is somewhat negative for the insulating characteristics of
the foam during the transient state, absorbing a large amount of energy but having an
energy release higher than those of composites with lower amount of PCM. This effect is
related with the high density of this material that produces an increase in the thermal
conductivity of the foam. On the other hand, once the respective steady state was
achieved, the heat losses are higher than that of the foam free of microcapsules. Tup in the
steady state was depending on the foam microcapsule content and lower than the offset
heating temperature of the microcapsules (30 ºC), on the contrary to what happens in the
down heating surface. Thus, a source having a temperature of 36 ºC is not able to melt
the total amount of PCM added into a foam composite of 3 cm of thickness. These results
indicate that the addition of thermoregulating microcapsules to RPU foams will not only
allow to transform the insulating material into a good thermal storage material for
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building envelopes but also to improve its capacity as insulating material during the
transient state.
b) Accumulated heat
In order to confirm the increase in the TES capacity by incorporating thermoregulating
materials into foam composites, the accumulated heat was quantified by making an
energy balance between the input and output energies during the transient state (Figure
4.6).
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Figure 4.6. Accumulated heat of the foams with the different mSD-(LDPE·EVA-RT27)
percentages when subjected to a thermostatic bath set-point step change from 18 to 40 ºC.

As expected, the higher the microcapsules content, the higher the accumulated heat;
being able to absorb energy within 1.5 to 5 hours of transient state depending on the
microcapsule content 0 or 50 wt%, respectively. Domes indicate that the absorption of
energy increases sharply in the first time caused by the temperature step change and also
by the large energy absorption required for the external PCM to become liquid.
Nevertheless, once the external PCM is melted, the input heat fluxes decrease and the
energy uptake by the foam is limited by the conductivity of the composite. These results
indicate that these kinds of materials are able to absorb a large amount of energy during
the initial times in which the energy uptake is driven by the large thermal capacity of the
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PCM, whereas they are limited by the conductivity of the composite once the whole PCM
of the external layer is melted.
c) TES capacity
The accumulated energy by the composite foams (Eq. 3.6 and the DSC values (Eq.
3.4) were used to estimate the TES capacity of the foam composites in two different
thermal studies, as commented in the previous sections 3.4.8 and 3.4.7, respectively.
Figure 4.7 shows these values respect to the microcapsules content.
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Figure 6.7. TES capacities of the composite foams obtained by DSC (micro scale) and the
experimental set up (macro scale) depending on the microcapsules content.

As can be seen, in both cases the TES capacity increases with the microcapsules
content. Nevertheless, it is observed that the shapes of both curves are quite similar and
they follow the trend of the density. The difference in values of TES capacity obtained
by both techniques can be explained by the way the analyses were carried out because
when using the DSC there is no temperature limit and the external source can
homogeneously increase the temperature of the whole sample whereas in the other case
one temperature gradient is established between both external faces of the studied
specimens. Comparing the obtained values of TES capacity, it is possible to conclude that
all the PCM is not melted when the temperature or heat flux provide by the external source
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is not large enough to ensure the entire melting of the PCM. Thus, the final point of the
composite foams cannot be considered as a proper steady-state. To confirm the above
comment, the profile of melted fraction of PCM for each composite was estimated.
d) Fraction of melted PCM
To carry out the calculation of the melted fraction of PCM, certain premises have been
taken into account:
-

According to the experimental set up and the operating conditions, the heat transfer
through the wall sample can be considered one-dimensional, being x (m) the heat
flux direction.

-

There is a temperature profile along the thickness and dependent on the time.

These profiles are obtained by the thermal characterization equipment (Figure 3.3),
using all the measurements of the thermocouples located at various points across the
composite thickness. A graphical representation of the temperature profiles through the
heat flux direction as a function of the time for the foam containing a 30 wt% of
microcapsules is shown in Figure 4.8.
As can be seen in Figure 4.8, a parametric curve g(x) between the temperature and the
heat flux direction can be obtained for each time (t). This relationship could be
represented by the Eq. 4.8.
𝑇|𝑡 = 𝑔(𝑥)|𝑡

(4.8

In this figure three different areas can be defined by the parametric curve 𝑔(𝑥)|𝑡=5ℎ ,
representing the temperature profile at the steady state obtained from Figure 4.6, and the
onset (Tonset) and offset heating temperatures. The area immediately above the Tonset means
the region in which the PCM works in equilibrium between the solid and liquid (S-L)
phases. The left area between the 𝑔(𝑥)|𝑡=5ℎ and Toffset indicates the PCM that was
completely melted. Whereas the right area defined by these two curves represents the
amount of paraffin Rubitherm® RT27 that still remains in solid state. Hence, this figure
allows to understand the thermal absorption phenomena in the composite foam. This way,
using and indoor temperature of 36 ºC, all the PCM is changing of phase up to a time of
0.7 h, region that can be considered in S-L equilibrium. From this time, the PCM inside
the foam in contact with the heating source becomes liquid, and its width increases with
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time to reach a foam thickness of x=1.2 cm at the steady state. On the other hand, the
other part of the composite foam (1.2 ≤ 𝑥 ≤ 3.0 cm) is in S-L equilibrium.

Figure 4.8. Temperature profile along the foam thickness for the foam with a 30 wt% of
microcapsules and the offset heating temperature of mSD-(LDPE·EVA-RT27).

These results show that the total thermal energy storage capacity of the composite was
not usable, being relying on the indoor temperature or the inlet heat flux. In order to
quantify the amount of paraffin that remains in solid state, the following assumption was
considered:
𝑓𝑢𝑠𝑖𝑜𝑛

The heat of fusion at each time (𝑄𝑡

) corresponding to the accumulated energy

that leads the melting of the PCM can be obtained from the double integral of the latent
heat of the PCM as function of the temperature and defined between the parametric curves
𝑔(𝑥)|𝑡=0 and 𝑔(𝑥)|𝑡 and the composite foam thickness respect to the temperature and
the corresponding heat flux direction. This heat of fusion is represented by the expression:
𝑥𝑓 𝑔(𝑥)|

𝑓𝑢𝑠𝑖𝑜𝑛
𝑄𝑡

100

(𝐽) = (

∫0 ∫𝑔(𝑥)| 𝑡=𝑡 (𝐶𝑝𝑇𝑜𝑡𝑎𝑙 −𝐶𝑝𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 ) 𝑑𝑇 𝑑𝑥
𝑡=𝑡𝑜

𝑥𝑓

) ∙ 𝑚𝑠𝑎𝑚𝑝𝑙𝑒

(4.9
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where x f (m) is the foam thickness, 𝐶𝑝𝑇𝑜𝑡𝑎𝑙 and 𝐶𝑝𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 in J/(gºC) are the apparent
heat capacities of the composites with and without the heat of fusion obtained by
Modulated Differential Scanning Calorimetry (MDSC).
Therefore, the fraction of melted PCM at each time (𝑓𝑡 ) can be obtained as:
𝑓𝑢𝑠𝑖𝑜𝑛

𝑓𝑡 =

𝑄𝑡
𝑇𝑜𝑓𝑓𝑠𝑒𝑡

(∫𝑇

𝑜𝑛𝑠𝑒𝑡

(4.10

(𝐶𝑝𝑇𝑜𝑡𝑎𝑙 −𝐶𝑝𝑆𝑒𝑛𝑠𝑖𝑏𝑙𝑒 )𝑑𝑇 )∙𝑚𝑠𝑎𝑚𝑝𝑙𝑒

Figure 4.9 shows the melting fraction of the PCM contained inside the different foam
composites as function of the time.

1.0

0.8

0.6

ft

mSD-(LDPE·EVA-RT27) content
(wt%)
0.4

10
20
30
40
50

0.2

0.0
0

1

2

3

4

5

Time (h)
Figure 4.9. 𝑓𝑡𝑜𝑡𝑎𝑙 profiles for the foams with the different mSD-(LDPE·EVA-RT27)
percentages.

As expected, the higher the microcapsules content, the higher the time to reach the
same 𝑓𝑡 . Additionally, it can be observed that not all the PCM is melted at 5 hours, time
at which the step perturbation is finished, presenting the system a pseudo-stationary state.
These results confirm that to achieve the entire melting of the PCM a source having a
higher temperature than 36 ºC is required. It is worthy to point out that 𝑓𝑡 at the steady

101

Chapter 4
state is practically the same for all the composite foams except for the foam with 30 wt%
of PCM. It presents a significant lower 𝑓𝑡 , which indicates a lower thermal conductivity.
e) Thermal conductivity
Given the afore-mention results, the effective thermal conductivity of the composite
foams was estimated form Eq. 3.7 at the respective pseudo-stationary state and the values
are drawn in Figure 4.10.
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Figure 4.10. Thermal conductivity of composite foams containing different percentages of
mSD-(LDPE·EVA-RT27).

As shown in Figure 4.10, the microcapsules presence promotes an increase of thermal
conductivity of the composite foams but also, this increase could be related with the
amount of non-entirely melted PCM that remains in the foam after the thermal
characterization. Thus, the lower density and thermal conductivity of the foam containing
30 wt% of microcapsules could be the reasons of its lowest melting fraction. Nevertheless,
attending to the lowest heat loss and the high melted fraction of the PCM, the most proper
composite foam from the energy point of view must be made containing 40 wt% of
microcapsules although the density and the thermal conductivity were really higher than
those exhibited by the foam free of mSD-(LDPE·EVA-RT27).
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Regarding the mechanical properties of the PU foams, as previously commented, they
are dependent on the foam density (discussed at the beginning of this section) and its
microstructure. Hence, the microstructure characteristics for each one of the synthesized
foams with different microcapsule contents were analysed.
4.3.4. Foam microstructure characteristics
SEM photographs of the foams cells and struts are shown in Figure 4.11. As can be
seen, foams without microcapsules and with a 10 wt% presented polyhedral closed-cell
structures with pentagonal or hexagonal faces. These results agree with those found for
the addition of different microcapsules in a previous work [16]. However, foams cells
passed from this polyhedral shape to practically spherical one with the increase of the
microcapsules content until 30 wt%. For 40 and 50 wt% of microcapsules the foams cells
become more irregular shape. The irregular shape of the cells makes difficult to know
exactly the value of Zw and 𝑛̅ from SEM pictures to calculate  for every microcapsules
content and, Eq. 4.6 cannot be used since it is for regular polyhedron. Then, in this work,
∗
a value of  will be estimated from each experimental data of E* and 𝜎𝑝𝑙
.

Besides, from Figure 4.11, the average cell diameter of each foam was determined by
using the software Image Plus (Figure 4.12).
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a)

b)

c)

d)

e)

f)

Figure 4.11. SEM photos of the foams cells with the different mSD-(LDPE·EVA-RT27)
percentages: a) 0; b) 10; c) 20; d) 30; e) 40; f) 50.
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Figure 4.12. Cell diameter of the foams with the different mSD-(LDPE·EVA-RT27)
percentages.

A maximum cell diameter is obtained for the foams containing a 10 wt% of mSD(LDPE·EVA-RT27) but from this value, the cell size decreases with the microcapsules
content up to a 40 wt%, from which tends to be stable. Besides, all the synthesized foams
presented a cell size higher than those from the original one.
SEM photographs with higher magnifications were done in order to find the strut
thickness (Figure 4.13).
It can be observed in Figure 4.13 that the strut thickness clearly increases with the
microcapsules addition due to the presence of microcapsules inside them. Besides, the
strut surface is also affected by the microcapsule content, changing from smooth to rough
and amorphous when the microcapsules content is higher than 10 wt%.
Additionally, from this figure, the strut and wall thicknesses (tst and tw, respectively)
were obtained by means of the software Motic Image Plus (Table 4.1).
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a)

b)

c)

d)

e)

f)

Figure 4.13. SEM photos of the foams struts with the different mSD-(LDPE·EVA-RT27)
percentages: a) 0; b) 10; c) 20; d) 30; e) 40; f) 50.
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Table 4.1. Microstructure parameters of foam composites containing different mSD(LDPE·EVA-RT27) contents.

mSD-(LDPE·EVA-RT27)
content
(wt%)

tst
(m)

tw
(m)

0

9.4

0.05

10

76.9

2.24

20

99.3

4.32

30

104.2

6.57

40

116.6

10.97

50

150.1

12.70

It is observed that the strut and wall thicknesses increase sharply from 0 to 10 wt% of
microcapsules, and remain growing for the rest of microcapsule contents, confirming that
this microcapsule type is incorporated mainly in the struts and walls of the foams instead
of inside the cells [16].
4.3.5. Young’s modulus and collapse stress of the composite materials
As described previously, the Young’s modulus and the plastic collapse stress of close
cells foams are also dependent on the modulus and the yield stress of the composite
material, respectively (section 4.2). As explained, these parameters can be determined by
the Kerner equation modified by Halpin and Tsai.
For the above-presented composite materials, the Poisson ratio of the matrix
corresponds to the PU Poison ratio (𝜐𝑚 ) and has a value of 0.35; the Ef is the modulus of
the mSD-(LDPE·EVA-RT27), with a value of 19.1 Mpa, obtained by a modulus of a
block from LDPE, EVA and RT27 with the same proportion than in the microcapsules;
and for the Em, a typical value of the PU modulus of 2000 MPa was considered.
Substituting all these data in the Kerner equation, the Ecomp for each one of the
microcapsules contents were calculated (Figure 4.14). Besides, this figure also shows the
Ecomp values obtained by the rule of mixtures (upper bound of Ecomp) and by the inverse
rule of mixtures (lower bound) Eq. 4.11 and 4.12, respectively [33].
E𝑐𝑜𝑚𝑝𝑅𝑀 = θ𝑓 · E𝑓 + θ𝑚 · E𝑚

(4.11
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−1

E𝑐𝑜𝑚𝑝𝑅𝑀𝑖𝑛𝑣

θ𝑓 θ𝑚
=[ +
]
E𝑓 E𝑚

(4.12

where θ𝑓 and θ𝑚 are the volume fraction of the microcapsules (Figure 4.3) and the
polyurethane in the composite, respectively.
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Figure 4.14. Ecomp values according to Kerner equation and the rules of mixtures.

As can be seen in Figure 4.14, the moduli determined by the Kerner equation lies
between those obtained by the rules of mixtures indicating that the composite behaves as
a normal solid.
Regarding the 𝜎𝑦𝑐𝑜𝑚𝑝 , as commented before, it is proportional to the Ecomp and for
rigid polymers, such as the ones considered in this work, this proportion (𝜎𝑦𝑐𝑜𝑚𝑝 /Ecomp)
is constant and approximately 1/30 [29]. Thus, it will be considered like that for the plastic
collapse stress modelling in the next section.
4.3.1. Compression tests: experimental and modelling
Compression tests results for the foams with the different microcapsules contents are
shown in Figure 4.15.
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Figure 4.15. Stress-strain curves obtained from the compression test of the foams containing
different mSD-(LDPE·EVA-RT27) contents.

The foams with microcapsules contents up to a 30 wt% presented the typical
compression behavior of a rigid polyurethane foam. There is an initial linearly dependent
increase with the load, followed by a clear plateau region that results from the cells
collapse and a further densification zone. Foams from rigid polymers collapse plastically
and, thus, the point in which the plateau region starts is called as plastic collapse stress
∗
(𝜎𝑝𝑙
) and represents the onset of the foam structure mechanical instability [29].

Foams containing 40 wt% and 50 wt% of microcapsules present an inflection point
corresponding with the collapse stress. From this point, the stress increases constantly
with load, presenting no plateau region. This behavior can be explained by the resistance
offered by the microcapsules to the foam deformation, since a considerable amount of
them is inside the strut. Therefore, it seems that for these microcapsules concentrations,
when the cells collapse, the paraffin wax inside the microcapsules is able to offer a certain
resistance to the foam deformation and rises the stress when the strain increases.
As commented before, from the compression tests results, the experimental values of
∗
E* and 𝜎𝑝𝑙
were determined. Besides, in order to theoretically predict the values of E*
∗
and 𝜎𝑝𝑙
it is necessary to find a value of  for each microcapsules concentration and the

four unknown parameters C1 to C4 that get a perfect fit between the observed and the
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theoretical values. In that way,  corresponds to the roots of Eq. 4.1 and 4.2, finding the
same number of values than microcapsules concentrations were assayed. Hence, Eq. 4.1
and 4.2 were transformed into a set of non-linear equations for the vector of observation
of the dependent variables. This means, each non-linear equation was obtained as the sum
of residuals for the multiple dependent variables (Eq. 4.13).
∗
∗
∗
∗
ε(𝑖) = Eexp
(𝑖) − 𝐸(𝑖) + 𝜎𝑒𝑥𝑝(𝑖) − 𝜎(𝑖)

(4.13

where  is the vector of sum of the residuals and i is a counter from 1 to the number of
experimental data. This set of non-linear equations was solved by using the NewtonRaphson method and obtaining for each i a root that corresponds to the value of the
independent variable i. Simultaneously, the multiple non-linear regression was used for
determining the four fitting unknown parameters (C1 to C4) by means of the Marquardt
algorithm. This method can be summarized by Eq. 4.14.
𝑇

𝑇

∗
∗
∗
∗
∗
∗
∗
∗
Φ = 𝜔1 (Eexp
(𝑖) − 𝐸(𝑖) ) (Eexp(𝑖) − 𝐸(𝑖) ) + 𝜔2 (𝜎𝑒𝑥𝑝(𝑖) − 𝜎(𝑖) ) (𝜎𝑒𝑥𝑝(𝑖) − 𝜎(𝑖) )

(4.14

where  is the weighted sum of squared residuals and 1 and 2 are the weighted
factors for the modulus and compression strength dependent variables, respectively.
A Visual Basic application was developed for solving this model.
∗
Therefore, from the compression tests results, the experimental values of E* and 𝜎𝑝𝑙

were obtained and are shown in Figure 4.16.
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Figure 4.16. Comparison of the experimental and modelled values of de Young’s moduli
and plastic collapse stress of the foams for the different microcapsules content.

According to Figure 4.16, a good agreement was obtained between the experimental
and the proposed theoretical model. Besides, it can be concluded that both properties (E*
∗
and 𝜎𝑝𝑙
) are optimal for the case of adding a 10 wt% of mSD-(LDPE·EVA-RT27) and

better than those from the pure PU foam for contents up to a 30 wt%. However, for
microcapsules contents higher than the 30 wt%, the mechanical properties are worse than
those of the pure foam. These results agree with those found in literature for other types
of fillers [34]. A good dispersion of fillers in the polyurethane matrix for low
microcapsule contents is obtained. Thus, the stress can be uniformly transferred to the
dispersed microcapsules when the foam is under compression, providing a better
compressive strength and modulus [35]. However, from 30 wt% of mSD-(LDPE·EVART27) a high amount of microcapsules are located into the struts, promoting the collapse
of cells and decreasing the foam resistance.
The obtained values of the fitting parameters (C1 to C4) with their corresponding
confidence intervals, using a confidential level of 99.9% (= 0.001) are gathered in Table
4.2.
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∗
Table 4.2. Fitting parameters for the modelling of E* and 𝜎𝑝𝑙
.

Parameter

Value

Confidence intervals

C1

0.05

0.0060

C2

0.59

0.1590

C3

0.11

0.0977

C4

0.90

0.3691

The values of the fitting parameters (C1 to C4) showed that the strut contribution is
lower than that of the wall, since C1 and C3 are lower than C2 and C4, respectively.
Also, Table 4.3 shows the  values calculated for each microcapsules concentration.
Table 4.3. values for each microcapsules concentration.

mSD-(LDPE·EVA-RT27) content



(wt%)
0

0.7023

10

0.7526

20

0.5778

30

0.2103

40

0.0883

50

0.0000

The independent variable  has a maximum value for the composite containing a 10
wt% of microcapsules with the biggest cell diameter, and it decreases as tst grows and
occupies more cell wall space.
Once calculated the , it is possible to obtain the variation of the  with the
microcapsules content (Figure 4.17).
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Figure 4.17.  as a function of the mSD-(LDPE·EVA-RT27) content.

As can be seen in Figure 4.17,  presents opposite behaviour that  (Table 4.3), being
minimum instead of maximum for a foam containing 10 wt% of microcapsules.
According to  values, the foam containing a 50 wt% is completely formed by open cells
whereas a 10 wt% of microcapsules promotes the nucleation favouring the formation of
closed cells.
Moreover, the  value of zero for the foam containing a 50 wt% of microcapsules can
be explained considering Eq. 4.4, in which, for a spherical shape, the number of edges
(𝑛̅) is infinite. Therefore, the  values are in agreement with the cell morphology shown
by the SEM pictures.  presented high values for low microcapsules contents, for which
a polyhedral cell morphology was observed, while decreasing to cero at the time that the
cells becomes more spherical.
Finally, attending to these results, the suitability of the Gibson and Ashby relationship
∗
for predicting the E* and 𝜎𝑝𝑙
of the rigid polyurethane foams incorporated with

thermoregulating microcapsules as fillers has been demonstrated.
Once the characterization of the composites synthetized at laboratory scale was done,
the selection of the most suitable one was necessary in order to carry out its testing at fullscale.
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In order to analyse the performance of these composite foams at full scale, a selection
of the proper one based on its thermal and mechanical properties has been carried out.
Although from the thermal point of view the composite foam containing a 40 wt% of
microcapsules seems to be the proper one due to its lowest heat loss and high TES
capacity, the physical and mechanical properties suggest otherwise. Whereas foam with
a 30 wt% of microcapsules presented the typical compression behaviour of RPU foams,
∗
with E* and 𝜎𝑝𝑙
values similar to those of the pure RPU foam, the mechanical properties

of the composite containing a 40 wt% were worse than the ones of foams free of the mSD(LDPE·EVA-RT27). Moreover, the thermal conductivity of the foam with a 30 wt% of
microcapsules is lower than that exhibited by the content of 40 wt%. Finally, from the
economic point of view the high density of the last one is a problem, rising the final cost
of the foam envelope per unit of surface. According to the high TES capacity (1.75
kWh/m3) and latent heat (26.24 J/g), low heat losses and proper mechanical strength, the
foam containing a 30 wt% of microcapsules was the selected composite to be produced
at pilot plant scale for being tested at full-scale.
4.4.Test house. Demo Park
The selected composite was produced as described in section 3.3.2, obtaining 8 blocks
with an approximate volume of 250 litres, which allows us to produce around 25 slices
per block, having a thickness of 3 cm and an external surface of 0.56 m2.
The full-scale measurements were carried out in a scaled test house available in the
Demo Park of Acciona (Algete, Spain). The Demo Park is an experimental platform with
several middle-scale buildings, where new materials can be compared in real time with
standard ones (Figure 4.18). The measurements were done for a week in September 2014,
in two test houses, one covered with the selected composite containing a 30 wt% of mSD(LDPE·EVA-RT27), shown in Figure 4.19, and the other one with a standard low density
RPU foam, but using slabs having a thickness of 4 cm.
As can be observed in Figure 4.19 highlighted in red, some defects in form of gaps
appear in the composite slabs when they were produced at higher scale, mainly due to the
difficulty to achieve in a short time the homogeneity of the mixture constituted by the
polyol, microcapsules, additives and isocyanate, before starting the sudden growth up of
the foam, by using the mentioned (section 3.3.2a) stirring mechanism.
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Figure 4.18. Algete Demo Park testing facility [36].

Figure 4.19. Interior of the test house after the installation of the composites.

These prototype houses were exposed to natural heating and cooling cycles produced
by daily solar radiation and environment exposure, registering the temperature inside the
room as well as the external temperature observed on the roof of each tested house.
Results obtained during the testing time are shown in Figure 4.20.
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Figure 4.20. Results of the temperature measurements in the prototype houses from the
DEMO PARK of Acciona.

As can be observed from Figure 4.20, the peak roof temperature registered during the
day on the house having the thermoregulating composite was up to 3.5 ºC higher than the
observed in the standard house. Notwithstanding this higher temperature, the maximum
indoor temperature of the house containing the tested composite was below the
temperature presented by the standard house. Therefore, the RPU foam composite is
acting as a thermal damping agent, being the change in the slope of the temperature profile
mainly appreciable at sunset (charge of the PCM).
On the other hand, during the night (cooling cycle) the minimum temperature of the
studied room is lower than those of the control room, with a drop in the indoor
temperature of the room with PCM to 2.5 ºC below the temperature of the reference room,
indicating a loss of insulating capacity.
The detriment in the insulating capacity compared with the control room is mainly
attributed to three causes, the first one is the higher thickness (4 cm) of the standard light
RPU foam installed in the control house. The second one is the presence of gaps in the
foam walls due to the operational problems during synthesis previously commented. This
lack of insulating material could promote the increase of heat losses during the night, and
hence lower temperatures. The last one is the high density compared with the light RPU
foam used as standard, which presents lower thermal conductivity than the foam
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containing microcapsules. However, the formulation used for the synthesis of light RPU
foams does not allow the incorporation of thermoregulating microcapsules.
At laboratory scale, with a complete charge and discharge cycle of the PCM, the
potential of these composites to increase the energy efficiency of buildings has been
demonstrated, however, some considerations should be taken into account for their
application at full-scale:
•

The operational procedure for the foam production should be studied and
optimized in order to obtain proper composites without defects.

•

Significant improvement has been achieved regarding the thermal damping during
the heating cycle (day).

•

The density of the composites must be decreased to enhance their insulating
capacity.

•

An additional system to facilitate the charge and discharge of the PCM, such as
night cooling or air conditioning systems, would upgrade the performance of the
composites.

•

A complete study during the whole year is necessary in order to test the true
improvements that could be achieved with the applications of these composites.

4.5.Conclusions
RPU foams containing thermoregulating microcapsules and synthetized according
with the formulation described in Table 3.4, are able to combine during the transient state
both desired abilities, energy accumulation and insulation, being the heat losses always
lower than that exhibited by the foam without microcapsules. It was possible to produce
rigid polyurethane foams containing up to a 50 wt% content of mSD-(LDPE·EVART27). TES capacities of these composites were quantified at micro and macro scale,
observing that PCMs inside the foam were not entirely melted although they reached a
pseudo-stationary state. A mathematical approach was proposed in order to quantify the
total amount of PCM melted during the test and it was possible to confirm that a
temperature higher of 36 ºC is required to reach the total melting of the PCM. Besides,
the thermal conductivity of the composites increased with the content of microcapsules
but this increase was also related with the non-entirely melted PCM.
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The addition of high contents of mSD-(LDPE·EVA-RT27) into rigid polyurethane
foams promoted changes in the morphology, size and also on the strut thickness of the
cells; affecting the foaming process and the mechanical properties. Microcapsules also
increased the apparent foam density, but the composite density decreased, due to the
lower density of the microcapsules compare to the PU density. These changes in the
densities and strut thickness are mainly significant for microcapsules contents higher than
30 wt%. In fact, foams with microcapsules contents up to 30 wt% presented the typical
∗
compression behavior of RPU foams, with E* and 𝜎𝑝𝑙
values similar or even higher than

those of the pure RPU foam; observing the maximum value at 10 wt% due to the higher
nucleating effect at this concentration of microcapsules. However, foams with 40 and 50
wt% of microcapsules did not presented the plateau region in the stress-strain curves
∗
obtained from the compression tests and the values of E* and 𝜎𝑝𝑙
were worse than the

ones of foams free of the mSD-(LDPE·EVA-RT27). Besides, it was found that the cell
∗
morphology presented a big effect on the E* and 𝜎𝑝𝑙
, decreasing as the cells changed
∗
from regular polyhedral to spherical shape. Both properties, E* and 𝜎𝑝𝑙
were satisfactory

modelled by the Gibson and Ashby formulation as a function of the */comp and
microstructure of the foam. Fitting parameters confirmed the tendency of this filler type
to be incorporated into the wall cell, being higher the contribution of the wall to the
mechanical properties than that from the strut. The good agreement achieved between the
experimental and theoretical data confirmed the suitability of applying this model to
predict the mechanical properties of foams containing fillers with low mechanical
resistance and independently on the cell shape.
At full-scale the RPU foam composites containing 30 wt% mSD-(LDPE·EVA-RT27)
exhibited a high thermal damping behavior during the day, however, a loss of insulating
capacity was observed at night. Although at laboratory scale the developed material has
proved its potential, some considerations should be taking into account before the use of
these kind of composites at full-scale, such as improvements of the operational procedure
for their production at industrial scale, decrease of the composite density to enhance its
insulating capacity during the transient and steady state or use of complementary systems
to facilitate the PCM charge and discharge.
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Effect of foaming formulation and operational pressure on thermoregulating RPU foams

Abstract
The synthesis of rigid polyurethane (RPU) foams containing thermoregulatory
microcapsules has been carried out under semi-vacuum conditions, modifying at the same
time the previous foaming formulation to reduce the final composite densities. These
optimized RPU foams were able to overpass the drawbacks exhibited by the previous
composites over the whole studied temperature range, working as insulating and also as
thermal energy storage materials.
The change in the formulation allowed to decrease the final density of the foams and
enhance their mechanical strength. The effect of the operating pressure (atmospheric, 800
mbar and 700 mbar) and microcapsules content (up to 30 wt%) on the physical,
mechanical and thermal RPU foam properties has been studied. The reduction of the
pressure from atmospheric to 800 mbar, independently of the microcapsules content, did
not have any effect on the cell size, strut thickness and compression strength at 10% of
deformation, being the Young modulus even higher at 800 mbar. Nevertheless, a strong
impact on the microstructure properties were observed for the foam composites obtained
at 700 mbar which was deleterious attending to the mechanical purposes.
Notwithstanding the achieved lower densities, a deleterious impact on the RPU foams
thermal conductivity was observed when low-pressure operational conditions were used.
Thermal analyses showed that just through the optimization of the foaming
formulation was possible to achieve a composite able to work as heat accumulator and
thermal insulation both at transient and at steady state. The composite synthetized at
atmospheric pressure and by an optimized foaming formulation showed a lower thermal
conductivity and greater mechanical properties than the exhibited by the thermoregulating
RPU foams discussed in the previous chapter.
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5.1.Background
RPU foams synthesis is mainly based on the condensation reaction between diols or
polyols and diisocyanates or polyisocianates in presence of a catalyst. This reactive
process can be simplified considering the two main chemical reactions that take place in
the foaming process: isocyanate reactions with polyol hydroxyl groups—crosslinking
reaction—and with water to produce CO2—blowing reaction [1]. The catalysts used to
control the foaming process can promote the above reactions in different rates. Whereas
organometallic catalysts promote crosslinking reactions, enhancing the foam structure,
tertiary amines can catalyze both process or mainly the blowing reaction [2,3].
In the previous chapter, looking for higher PCM contents, RPU foams containing up
to 50 wt% of mSD-(LDPE·EVA-RT27) were synthesized by means of the formulation
described in Table 3.4, where the amine used as catalyst was Tegoamin 33 which
promotes both blowing and crosslinking reactions. The results showed that, for quantities
greater than 30 wt% of microcapsules, the foam is not able to retain enough amount of
the CO2 generated in the reaction between water (blowing agent) and isocyanate,
increasing the density and thermal conductivity of the final composite. These changes
produced a composite with a large TES capacity but worse properties as insulating
material in the steady state, which is undesirable for energy savings. Moreover, the
measurements carried out at full-scale revealed the detriment of the insulating capacity
of this kind of composites compared with a standard RPU foam, damage that is noticeable
during the night (cooling cycle). Hence, the ideal RPU foam-PCM composite must
present two different thermal properties, high TES capacity and a low thermal
conductivity.
Previous studies have compared the mechanical properties of RPU foams containing
thermoregulatory microcapsules when they are synthetized either with Tegoamin 33 or
Tegoamin BDE, which promotes mainly the blowing reaction. They found improved
mechanical properties in the composites synthetized using Tegoamin 33 due to the
promotion of the crosslinking reactions but, at the same time, lower final heights than
those using the catalyst Tegoamin BDE. In that way, composites synthetized with
Tegoamin 33 had higher densities [1].
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Consequently, with the aim of decreasing the density of RPU foams containing
microcapsules and, at the same time keeping a proper mechanical resistance, the use of
both catalysts together, Tegoamin 33 and Tegoamin BDE should be explored.
On the other hand, a special foaming technique called Variable Pressure Foaming
(VPF) can be used in order to keep or improve the thermal conductivity of the RPU foams.
In VPF the foaming process is performed under controlled low-pressure conditions,
allowing to regulate the density and thus, custom-made foams can be produced [4].
This method is already industrially applied by companies such as FXI Innovations
(USA) [5] or Interplasp (Spain) [6]. Apart from the detailed control of the final properties
of the product, the use of VPF involves some additional advantages as the possibility of
disesteem the use of blowing agents as well as the total capture of the residual gas
emissions [7].
As far as we know, no publication is reported using this technique for producing RPU
foams-PCM composites having the above commented thermal purposes. Besides, there
is a lack of information related with the effect of pressure on the properties of RPU foams
synthesized at that conditions. The reported studies showed that, the mixing of the initial
raw materials for the foaming is impeded by the boiling temperature of the liquid
components, producing fragile foams, but the foam expansion increases significantly [8].
Therefore, in the present chapter the incorporation up to 30 wt% of mSD(LDPE·EVA-RT27) to RPU foams using a mixture of Tegoamin 33 and Tegoamin BDE
has been carried out at three different pressures (atmospheric, 800 and 700 mbar),
according to the procedure exposed in section 3.3.3. The effect of the pressure and the
microcapsules content on the physical and mechanical properties of the synthesized
thermoregulatory RPU foams were analysed. The thermal characterization of the
specimens was also carried out in order to demonstrate the positive synergy for saving
energy that can be achieved by using composites having low thermal conductivity and
high TES capacity.
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5.2.Results and discussion
5.2.1. Foaming formulation
RPU foams synthesized for building applications must show properties such as
rigidity, insulating capacity, mechanical resistance and lightness. Considering the above
properties, the study of a foaming recipe incorporating thermoregulatory microcapsules
is needed but ensuring non-deleterious results for their further application.
As a starting point, the formulation used in the previous chapter was chosen, however
these foams presented too high density (> 100 kg/m3) as well as high thermal conductivity
when contents higher than 20 wt% of microcapsules were used (> 0.07 W/mºC, Figure
4.10), important handicaps for considering their application.
In order to solve the weaknesses of these materials, a mixture of Tegoamin 33 and
Tegoamin BDE was used as catalyst; the amount of surfactant was varied with the content
of added microcapsules; and three different pressures (atmospheric, 800 and 700 mbar)
were studied. Moreover the amount of isocyanate was recalculated according to the
functionality of the polyol R-4520, by means of the Eq. 5.1 [9].
𝑔𝑃𝑀𝐷𝐼 = [0.24 ∗ (𝐼𝑂𝐻 + 𝐴𝑐𝑖𝑑𝑖𝑡𝑦) + 15 · (𝑔𝐻2 𝑂 + %𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦)] ·

𝐼𝑖
100

(5.1

where gPMDI are the grams of PMDI per 100 grams of polyol; IOH the hydroxyl number
in mg KOH/g of the polyol; Acidity the acidity in mg KOH/g of the polyol; gH2O are the
grams of water per 100 grams of polyol; %Humidity is the water content of the polyol
and Ii the isocyanate index.
The isocyanate index is defined according to the Eq. 5.2.

𝐼𝑖 =

𝐴𝑐𝑡𝑢𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐼𝑠𝑜𝑐𝑦𝑎𝑛𝑎𝑡𝑒
∗ 100
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐼𝑠𝑜𝑐𝑦𝑎𝑛𝑎𝑡𝑒

(5.2

The amount of PMDI was set at an isocyanate index of 107, since isocyanate index
values from 105 to 125 ensure the complete reaction of the hydroxyl groups and at the
same time prevent the formation of allophanates, which appear with large excesses of
NCO groups in the reaction mixture [10]. The mass ratio Tegoamin 33:Tegoamin BDE
was fixed to 1:1 in order to promote both crosslinking and blowing foaming reactions.
Strengthening these both reactions, foams having lower densities but keeping the
mechanical strength can be developed. The amount of silicone was found to be function
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of the quantity of added microcapsules with a 0.006; 0.0185; 0.024; 0.025 and 0.026 mass
ratio respect to the polyol for the foams containing 0, 10, 20, 25 and 30% by weight of
microcapsules, respectively. These silicon contents ensure the homogeneous dispersion
of the particles into the foam. Figure 5.1 summarizes the formulation used for the
synthesis of a foam without microcapsules.
Table 5.1. Mass ratio of the reactants for the synthesis of polyurethane foams without
microcapsules.

Reactant
Polyol: R-4520
Surfactant: Silicone Tegostab 8404
Blowing Agent: H2O
Catalyst 1: Tegoamin 33
Catalyst 2: Tegoamin BDE
Isocyanate: PMDI

Mass Ratio
1
0.006
0.0164
0.0182
0.0164
1.455

Figure 5.1 shows the photographs of RPU foams containing a 20 wt% of microcapsules
and synthetized at different operating pressures. As can be seen, the lower the operating
pressure, the higher the foam height. Hence, it is possible to produce thermoregulating
RPU foams having low density by decreasing the operating pressure.

Atmospheric

800 mbar

700 mbar

Figure 5.1. Photograph of the RPU foams containing a 20 wt% of microcapsules synthetized
at different operating pressures.

5.2.2. Density
The apparent density of RPU foams containing microcapsules and synthesized at
different operating pressures was measured and represented in Figure 5.2. The results are
compared with the density of the composites obtained with the previous formulation. As
described in section 3.3.3, the nomenclature designated for the new composites was
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FoamPressure-mSD-(LDPE·EVA-RT27)%, where the subscript Pressure is the operational pressure
used for the foam synthesis and mSD-(LDPE·EVA-RT27)% the percentage of embedded
microcapsules.
From Figure 5.2 is evident that the new formulation allows to obtain lower densities
for the same content of microcapsules, being this effect more noticeable from 20 wt% of
microcapsules addition. Foamatm-30% exhibits a density 24% lower than that presented by
its counterpart synthetized in the previous chapter. The decrease in the density is related
with the use of Tegoamin BDE as catalyst, which promotes the blowing reaction,
increasing the final height of the composite. Between the composites obtained with the
optimized recipe, the higher the content of microcapsules and the operating pressure, the
higher the apparent density of the foams. This response is in agreement with the results
reported in literature using semi-vacuum conditions, where the low-pressure involves a
higher foam expansion [4,8,11]. Although the density drop is pronounced when the
pressure decreases from atmospheric pressure to 800 mbar, an additional reduction of 100
mbar up to 700 mbar does not involve a noticeable change in the density. Nevertheless,
this behaviour is not general because the density of the Foam700-30% increases sharply due
to the foam collapse that took place at high microcapsules content. This collapse is shown
in Figure 5.3, and it indicates a lower mechanical resistance of foam struts when a
pressure of 700 mbar is used. In general terms, the increase of the density with the
microcapsules content follows a linear trend, except for Foam700-30% because of the
commented collapse, and for Foam800-30%, whose density exhibits an unexpected descend
that could be ascribed to microstructural changes. Thereby, the incorporation of 30 wt%
of microcapsules seems to be the addition limit when the operating pressure is decreased
for avoiding strong changes in the foams that negatively affect their structure.
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Figure 5.2. Apparent Density of the composites.

Figure 5.3. Appearance of Foam700-30% after its collapse.
Hence, the decrease in the density of RPU foams must be related with changes in their
microstructure, promoted by the operating pressure. According to Figure 5.2, it is also
possible to affirm that RPU foams containing up to 4 wt% of microcapsules can be
developed having a similar density than that exhibited by foams without thermoregulatory
materials and synthetized at atmospheric pressure. Content of microcapsules that is not
enough to ensure a large TES capacity of this kind of materials.
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5.2.3. Foam microstructure characteristics
After verifying the effects on the foams density caused by the operating pressure, the
study of its influence on the composites microstructure is crucial to understand the
phenomenon. SEM photographs of the foam cells are shown in Figure 5.4. As can be
seen, foams without microcapsules presented a homogenous distribution of cell
diameters. For these foams, some folds appear on the wall cells as the operating pressure
decreases, being this effect more noticeable for the foam synthesized at 700 mbar. This
anomalous wall appearance could be consequence of the foam cells distension, caused by
the depression peaks arisen as result of the higher vacuum conditions. It is also observed
that for Foams800 the foam cell size growth with the microcapsules content is more
moderate than that showed by the Foamsatm and Foams700. In order to find the proper cell
size of the foams and their strut, they were measured from the photograph by using the
software Motic Image Plus. Figure 5.5 and Figure 5.6 show the average cell size and the
strut thickness for the synthesized RPU foams, respectively.
As can be observed, the cell size of Foams700 is significantly larger for the same
microcapsules content than that obtained with higher operating pressures, in accordance
with the abovementioned greater expansion of the foam at semi-vacuum conditions. This
large cell size of the RPU foams synthesized at 700 mbar could promote a decrease in the
mechanical properties. On the other hand, the cell sizes of Foamsatm and Foams800 follows
the same trend with the microcapsules addition, indicating a similar mechanical strength.
The mechanical strength of the foams is strongly dependent on the strut characteristics.
As can be seen in Figure 5.6, the strut thickness of Foams700 increases sharply with the
microcapsules addition, being considerably higher than the displayed for Foams800 and
Foamsatm, which have similar strut thicknesses in all the range of PCM incorporation. The
higher strut thickness of Foam700 is mainly due to the presence of enclosed gas bubbles
inside the strut instead of solid polyurethane polymer (Figure 5.4), probably due to the
boiling of raw materials at that low-pressure condition. The presence of enclosed gas
bubbles is in agreement with the commented weakness of the foam struts when 700 mbar
of pressure is used for the composite synthesis. Hence, these microstructure analyses
could predict a sharp deterioration in the mechanical properties of the composites
synthetized at 700 mbar, but no strong effect on the foams obtained at 800 mbar as
operational pressure.
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Pressure

Atmospheric
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700 mbar
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Figure 5.4. SEM photos of the foams cells with different microcapsules content and
synthesis pressures.

133

Chapter 5
2.0

Average diameter
1.8

Pressure

1.6

Atmospheric
800 mbar
700 mbar

cell diameter (mm)

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
0

5

10

15

20

25

30

mSD-(LDPE·EVA-RT27) (wt%)
Figure 5.5. Average cell diameter of the obtained foams for the different operational
pressures.
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Figure 5.6. Strut thickness of the obtained foams for the different operational pressures.
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5.2.4. Mechanical behaviour of the composite foams synthesized at reduced
pressure
To verify the proper mechanical behavior of the samples, Young’s modulus of the
composite foams (E*) and their compressive stress at 10% deformation were analysed. It
is well known the foam mechanical properties dependency on its density and cell size
[12-14]. In that way, the mechanical strength of the foams decreases with larger cell sizes
and lower densities.
As can be observed in Figure 5.7, E* and compressive stress at 10% deformation
decrease with the amount of embedded microcapsules being minimum at 700 mbar of
operating pressure. Whereas for Foamatm and Foam800 the compressive strength at 10%
deformation is practically equal, E* of Foamatm decreases abruptly for a microcapsules
content within 10 and 15 wt%. This result perfectly agrees with the aforementioned
variation of the cell size, the occurrence of folds on the foam cell walls and the presence
of gas bubbles mainly in Foam700 struts. The detriment of Young´s modulus of foams
with the microcapsules content is consistent with those results reported in literature [1],
and it was also related with the growth of the foam cell size with the particles content.
On the other hand, as in the case of the density, Foam700-30% and Foam800-30% do not
follow the mechanical trends. At 700 mbar there is a sharp increase in the Young´s
modulus, due to the previously commented collapse of the foam. On the other hand, at
800 mbar, the dramatic drop in the mechanical strength is associated with the sudden rise
of the foam cell size. In that way, the foams containing a 30 wt% of microcapsules were
discarded to be commented forward. Therefore, in accordance with the Spanish standard
UNE-EN 14315-1 [15], which determines the specification for the thermal insulating
products (RPU foams) for building applications, Foam800-25% has a compressive stress
level of CS(10\Y)300. It means a compressive stress at 10% deformation higher than 300
kPa, which is higher than those of Foamatm-25% and Foam700-25%, CS(10\Y)200 and
CS(10\Y)100, respectively.
It should be noted that E* values of these composites are greater than those obtained
in the previous chapter, it means that the changes made in the foam formulation, overall
the one relating to the polyol:isocyanate ratio enhance the mechanical strength of the
obtained composites.
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Figure 5.7. Young´s modulus a) and compression tension at 10% deformation for the
composite foams synthetized at different operating pressures.

5.2.5. Microcapsules distribution and average latent heat of the foams
The thermal behaviour of this kind of foams, especially with high content of
microcapsules, is affected by the dispersion of the particles inside the composite [16]. In
order to study the homogeneous distribution of the microcapsules, as well as their actual
content in the foams, the procedure described in section 3.4.7 was followed, using DSC
analyses of samples taken out from three different zones.
Table 5.3 shows the average latent heat for each one of the operating pressures and
their standard deviations. The small variation of the latent heat values for the different
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foam specimens demonstrates a homogeneous distribution of the microcapsules along the
foam, with a maximum latent heat deviation of 16% in the worst case (Foamatm-10%).
On the other hand, as expected, a linear relationship can be observed between the latent
heat and the theoretical microcapsules content. The latent heat exhibited by the composite
Foam800-25% (22.6 J/g) is the highest one and it is very similar to that obtained in the
previous chapter for RPU foams with the same microcapsules content, 20.37 J/g
(according to the constant of proportionality 0.8151 (J/g)/wt% calculated for those
composites).
Table 5.2. Latent heat from DSC analysis and standard deviations of the measurements at
different operating pressures.

microcapsules
(wt%)

Patm
(J/g)

800 mbar
(J/g)

700 mbar
(J/g)

10

6.00±0.97

5.09±0.51

4.48±0.63

20

12.67±0.27

12.17±1.22

13.95±1.68

25

20.28±1.06

22.58±2.56

18.63±1.77

Thus, among the synthesized composites and bearing in mind the mechanical
weakness of the Foams700, the composites Foamatm-25% and Foam800-25% could be chosen
as the better materials to be used in buildings attending to its high latent heat, proper
mechanical strength and low density.
5.2.6. Thermal behaviour
A fundamental issue to be analysed is the thermal behaviour of the selected foams as
insulating and thermal energy storage material for being considered as an optimal element
for saving energy in a final building application. Figure 5.8 shows the external surface
temperature profiles (Tup) of the selected composites (Foamatm-25% and Foam800-25%)
compared with the profile obtained for Foamatm-0% as reference sample, when they were
subjected to the heating process described in section 3.4.8, heating from 18 to 40 ºC up
to reach the steady state, and further cooling down to the new steady state at 18 ºC. The
steady states were reached in order to test the insulating properties of the foams.
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Figure 5.8. Temperature profiles of the external surface (Tup) of the selected composites
subjected to a heating-cooling cycle.

As can be observed in Figure 5.8, at the transient state, for Foamatm-0% Tup increases
sharply during the heating process as well as decreases suddenly during the cooling step,
however, the presence of microcapsules soften these temperature changes. Foamatm-25%
and Foam800-25% exhibited a lower slope of the temperature profile at the transient state,
causing a thermal damping effect which promotes a longer comfort time.
At the steady state of the heating process, Tup of Foam800-25% is the highest temperature
of the studied composites. This behaviour suggests an increase of the thermal
conductivity of this material. On the contrary, Foamatm-25% exhibited a lower Tup than that
of the control sample at the steady state, indicating that its insulating capacity has been
enhanced. The loss of insulating capacity of Foam800-25% despite its lower density could
be related to an insufficient retention of the CO2 of synthesis due to the low-pressure
conditions. The Tup at steady state of the cooling cycle is similar for all the composites,
which implies a preservation of the insulating capacity at low temperature.
The effect of the PCM on the foams is further evidenced in Figure 5.9, where the heat
fluxes through the bottom (Qdown) and the upper (Qup) surface of the samples respect to
their corresponding Tdown and Tup, respectively, are represented.
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Figure 5.9. Qin and Qout as function of Tdown and Tup for the selected composites subjected to
a heating-cooling cycle.

As can be observed in Figure 5.9a, the presence of microcapsules increases the dome
shape of the incoming heat flux during the heating process, related to the larger energy
storage capacity of the composites doped with microcapsules as is evident from Figure
5.10, where the accumulated heat profiles of the composites are depicted.
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Figure 5.10. Accumulated heat of Foam800-25% and Foamatm-0% when they were subjected to a
thermostatic bath set-point step change from 18 to 40 ºC.

During the cooling cycle the slope of the heat flux profile of Foamatm-25% and Foam80025%

presents an abrupt change at around 24 ºC, as a result of the PCM charge process,

which starts to solidify releasing the previously accumulated heat with a small change in
its temperature, process that finishes at 21.5 ºC, when the releasing heat flux throughout
the bottom surface starts to decrease.
Figure 5.9b shows that the RPU foam free of microcapsules presents the highest heat
loss during both heating and cooling transient states. However, when Tup overpasses 24
ºC, at which time Tdown is 34 ºC, the heat loss of Foam800-25% sharply grows, which results
in a detriment of its insulating capacity as was discussed in Figure 5.8. This way, the
maximum heat loss achieved by the composite increases as follow: Foamatm-25% <
Foamatm-0% < Foam800-25%. Although the incorporation of microcapsules greatly reduces
heat losses for Foamatm-25% and Foam800-25% during the transient states, at the steady state
of the heating process only Foamatm-25% preserves an improved insulation capacity.
It is noticeable the attenuation of the heat loss from 24 to 21.5 ºC at the cooling cycle
for the composites doped with microcapsules, that corresponds, as showed in Figure 5.9a
to the solidification of the PCM.
Based on these results it can therefore be concluded that, the new formulation and the
incorporation up to 25 wt% of microcapsules not only improve the thermal damping effect
but also allows to improve the isolation capacity of the final composites. Although the
use of 800 mbar of operating pressure decreases the density of the obtained RPU foam, it
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has a deleterious effect on its insulating capacity, probably due to the loss of CO2 under
low-pressure conditions.
To corroborate the previous conclusions, the effective thermal conductivity (k) of the
above composites was estimated according to the Eq.3.7 and the values are summarized
in Table 5.3.
Table 5.3. Thermal conductivity of the synthetized composite foams.

Composite

k (W/mºC)

Foamatm-0%

0.048

Foamatm-25%

0.048

Foam800-25%

0.057

It is clear from the results that k of Foamatm-0% and Foamatm-25% remains low and equal
between them. On the contrary, accordingly to the previous results, the thermal
conductivity of Foamatm-25% has been increased, as is noticeable in the temperature
profiles represented in Figure 5.8. Moreover, the k value for Foamatm-25% is clearly less
than the one reported in the previous chapter for 30 wt% of microcapsules content (0.073
W/mºC). These results corroborate the improvement achieved with the new foaming
formulation, decreasing the final composite density and therefore enhancing their
insulating capacity compared with the previous recipe. Nevertheless, the use of lowpressure conditions damages the thermal properties of the RPU foam composites
containing microcapsules.
From the thermal analyses, the thermal energy storage capacities per cubic meter (TES
capacities) for the optimal composite and for the control sample were determined. The
TES capacities of Foamatm-0% and Foamatm-25% were 0.57 and 1.43 kWh/m3, respectively.
TES capacity of the developed composite is 2.5 times higher than that of a conventional
foam.
Hence, these results demonstrate that changing the foaming formulation it is possible
to obtain composite foams that fulfil with a dual purpose, heat accumulator and thermal
insulation both at transient and at steady state.
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5.3.Conclusions
The synthesis of a RPU foam which combine over the whole studied temperature range
both thermal energy storage and insulating capacities by modifying the foaming
formulation has been demonstrated.
The modified foaming formulation promotes lower densities for the same content of
microcapsules than that presented in the previous chapter, behaviour ascribed to the
incorporation of Tegoamin BDE as catalyst, which promotes the blowing reaction.
As expected, the higher the microcapsules content, the higher the apparent density of
the composites. Nevertheless, the density was slightly lower at low-pressure condition,
being able to produce a foam containing up to 4 wt% of microcapsules having a similar
density than that exhibited by foams without thermoregulatory materials and synthetized
at atmospheric pressure.
The cell size, strut thickness and compression strength 10% of deformation for the
composites synthesised at atmospheric and 800 mbar presented the same trends
independent on the microcapsules content. Nevertheless, a high increase in the cell size
and strut were observed for the foam composites obtained at 700 mbar which was
deleterious attending to the mechanical purposes.
Attending to the thermal analyses, although the use of low-pressure conditions
promotes lower densities and proper mechanical strengths up to 800 mbar, it has a
deleterious impact on the RPU foams thermal conductivity, probably due to the removal
of the CO2 formed during the foaming reaction.
It can be concluded that the use of the proper amount of surfactant, suitable
isocyanate:polyol mass ratio and a combination of Tegoamin BDE and Tegoamin 33 for
the synthesis of RPU foams containing 25 wt% of microcapsules allows to obtain a
composite with temperature damping capacities at the transient state and keeping a proper
insulating capacity at the steady state. Moreover, the mechanical strength showed by
Foamatm-25% make this material the suitable to be use as envelope in buildings for
increasing their energy efficiency and reducing the contribution of the buildings to the
CO2 emissions and the global warming in general.
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Polymeric-SiO2-PCMs for improving the thermal properties of gypsum
Abstract
In order to develop building materials with a high thermal energy store (TES) capacity,
the thermoregulating microcapsules Polymeric-SiO2-PCMs were incorporated into
gypsum up to a 15 weight mass ratio respect to the initial hemihydrate and 0.48 as
water/hemihydrate mass ratio. The effect of these microcapsules on the gypsum crystals,
thermal and mechanical properties were studied and compared to those caused by another
three kinds of thermoregulating materials. Polymeric-SiO2-PCMs presented the lowest
agglomeration and therefore, the best distribution into the gypsum pores. As expected,
the thermoregulating effect of the PCM improved the thermal properties of the gypsum
since, the higher the microcapsules content, the higher the equivalent heat capacity (cp)
and the accumulated heat power (qacc). Moreover, the insulting capacity of the gypsum
composites is also enhanced by decreasing their thermal conductivity. The thermal and
mechanical properties of the composite gypsums containing Polymeric-SiO2-PCMs are
better than those obtained for the rest of the studied thermoregulating materials.
The selected optimal microcapsules were used for carrying out the incorporation of
larger amounts of particles into the gypsum by increasing the water/hemihydrate mass
ratio. The addition up to 45 weight mass ratio respect to the initial hemihydrate was
possible to achieve with a water/hemihydrate mass ratio of 0.8. The effect of the
water/hemihydrate mass ratio and the addition of large amount of microcapsules on the
gypsum properties was evaluated. A rise in the porosity and a drop in the density with the
increase of the over-stoichiometric water was observed. On the other hand, the larger the
microcapsules content, the lower the porosity and the higher the density of the developed
gypsum-microcapules composites.
Despite of the fact that the Polymeric-SiO2-PCMs addition reduces the mechanical
properties, all the developed materials satisfied the mechanical Spanish regulation
EN 13279-1 which limits the minimum compression and flexural strengths of gypsum
composites for building construction to 2 and 1 MPa, respectively.
Finally, by combining a physical proposed model with Rayleigh or Lewis-Nielsen
models, the effective thermal conductivity of the gypsum composites as function of their
porosity and microcapsules content was predicted. A good fitting between the theoretical
and the experimental data were observed, and the results were compared with other
reported models for heterogeneous porous mixtures.
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6.1.Background
Gypsum is one of the most widely used building materials due to its environmental
friendliness, aesthetics, low price, fire resistance, the possibility of being applied in situ
or as precast panels, etc. Besides, gypsum panels are extensively utilized for interior
walls, ceilings or exterior with an appropriate hydrophobic treatment [1,2].
Gypsum is obtained by the addition of water to the calcium sulfate hemihydrate
(hemihydrate), which is in form of powder, to obtain calcium sulfate dihydrate according
to the stoichiometric reaction Eq. 6.1 [3].
𝐶𝑎𝑆𝑂4 · (1/2)𝐻2 𝑂 + (3/2)𝐻2 𝑂 → 𝐶𝑎𝑆𝑂4 · 2𝐻2 𝑂 + ℎ𝑒𝑎𝑡

(6.1

The incorporation of phase change materials into the gypsum precast panels and their
further installation in part of the European building stock would allow to achieve the aims
of the European Union regarding the reduction of energy consumption of a building
reaching a very high energy performance [4,5].
A wide variety of PCMs has already been incorporated into gypsum composites in
different ways such as direct incorporation or immersion technique [6,7]. However, some
authors give an account of some difficulties using the indicated techniques of PCM
incorporation, such as the leakage during the melting process or the interaction between
the PCM and the building material [8-10]. These problems can be solved by means of the
microencapsulation of the PCM and further addition to the gypsum.
Different researchers have studied the incorporation of microcapsules into the gypsum
boards. Most of works studied the thermal effect of incorporating between 5 and a 30
wt% of microcapsules observing a clear improvement of the TES capacity of the gypsum
but without considering the effect on the mechanical properties [11-13]. Jun-Feng Su et
al. [11] fabricated gypsum panels including up to 30 wt% of microparticles respect to the
gypsum, formed by methanol-modified melamine-formaldehyde as shell material and a
core of n-octadecane improving both, the energy storage and the insulating capacities.
Microcapsules with the same nature were used in gypsum by Zhang et al. [14] reaching a
50 wt% of PCM incorporation into gypsum obtaining good thermal characteristics.
Besides, Zhang et al. add a 3 wt% of fiber glass as additive in order to improve the
mechanical characteristics of the samples because consider that the microcapsules hamper
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the mechanical resistance of gypsum, but they did not study the mechanical properties of
the final composite.
In a previous work, it was found that the particle size and the agglomeration played an
important role in the final composite properties [15]. Thus, a new material with lower
particle size and lack of agglomeration has been looked for. This new thermoregulating
material (Polymeric-SiO2-PCMs), synthetized in our lab facilities (section 3.2.1), consists
on a composite from polystyrene-divinylbenzene (PSt-DVB) as shell, containing
Rubither®RT27 parrafin wax as core, as described in section 3.1, and 2 wt% of nanosilice
(SiO2) as key feature. The effect of SiO2 on the thermal storage improvements of polymer
matrix and polyurethane resin panels has been previously reported [16,17]. In the first
part of this chapter, the influence of the Polymeric-SiO2-PCMs and its content on gypsum
thermal, physical and mechanical properties is compared with those properties obtained
when other kind of microcapsules were used and reported in the previous work [15]. In
this section the water/hemihydrate mass ratio was initially fixed at 0.48, which
corresponds to the same volume of water than hemihydrate. The microcapsules used in
the previous work were: mSP-(PSt-RT27), mSD-(LDPE·EVA-RT27) and Micronal®DS
5001X, all of them having different shell materials (section 3.1). This way, the influence
of the shell material and the particle size on the thermal properties of the gypsum
composites were studied. The particle size in number of Polymeric-SiO2-PCMs, mSP(PSt-RT27) and Micornal®DS were 4.0, 116.8 and 7.1 m.
The second part of this chapter is focused on the increase of the microcapsules content
into the gypsum composites. The type of thermoregulating microcapsules that presented
the most enhanced properties was selected to be incorporated into the gypsum slabs by
varying the water/hemihydrate mass ratio. The effect of the large addition of
microparticles on the gypsum porosity and density was evaluated, as well as the
mechanical properties and thermal behavior of the obtained samples. Finally, combining
the physical and Rayleigh models the effective thermal conductivity of the gypsum
composites as function of their porosity and microcapsules content were predicted.
Besides, the results were compared with other known models for heterogeneous porous
mixtures.
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6.2.Results and discussion. Part I: Microcapsules type effect
6.2.1. SEM Analysis
The presence of fillers can modify the morphology of calcium sulphate dihydrate
crystal [18]. The structure of lightweight gypsum composites synthesized with a
water/hemihydrate mass ratio of 0.48, corresponding to the same volume of water as
hemihydrate, and different mass ratio of Polymeric-SiO2-PCMs /hemihydrate and free of
it is shown in Figure 6.1.
According to Figure 6.1, the crystal size and structure of the gypsum seems not to be
affected by the presence of the Polymeric-SiO2-PCMs, independently of the mass ratio
and having a gypsum crystal width range from 0.6 to 3.0 m.
Figure 6.2 shows the calcium sulphate dihydrate structure of the gypsum composties
containig a mass ratio percentage of microcapsules/hemihydrate of 15 for the PolymericSiO2-PCMs and the other microcapsules.
As can be seen in Figure 6.2, microcapsules containing SiO2 do not affect the gypsum
crystals growth, whereas the others thermoregulating materials without fillers cause a
decrease of the gypsum crystal width [15]. Moreover, the Polymeric-SiO2-PCMs are the
only ones well distributed in the needle crystals structure, likely due to good dispersion
of the Polymeric-SiO2-PCMs in water, attending to the hydrophilic character of the used
SiO2. This behaviour is contrary to that observed for the mSD-(LDPE·EVA-RT27) and
Micronal®DS 5001X, which agglomerated, or for the mSP-(PSt-RT27), which presented
big particle size; since all of them occupied bigger spaces inside the gypsum instead of
being integrated inside the gypsum pores.
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Figure 6.1. SEM images of calcium sulphate dihydrate with different mass ratio percentage of Polymeric-SiO2-PCMs/hemihydrate: a) 0.0, b) 2.5, c) 5, d)
10 and e) 15.
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Figure 6.2. SEM images of calcium sulphate dihydrate a) without microcapsules and of those synthesized with a 15% microcapsules/hemihydrate mass
ratio of b) Polymeric-SiO2-PCMs; c) mSP-(PSt-RT27); d) mSD-(LDPE·EVA-RT27) and e) Micronal®DS 5001X.
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6.2.2. Thermal degradation of gypsum composites
TGA of the gypsum composites with different Polymeric-SiO2-PCMs/hemihydrate
mass ratios are shown in Figure 6.3.
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Figure 6.3. TGA curves of the gypsum composites with different Polymeric-SiO2-PCMs
/hemihydrate mass ratios.

Three regions of weight loss can be seen in the calcium sulfate dihydrate thermal
curve. The weight loss observed between 80 and 140 ºC is attributed to absorbed water
(hygroscopic water) and the chemically bound water of the hydrated salt, the one that
took place mainly at 525 ºC refers to the water bound to hydraulic compounds and the
last one corresponds to the carbon dioxide developed during the decomposition of
carbonates [19,20]. The Polymeric-SiO2-PCMs TGA curve presented two steps of weight
loss; the first one between 100 and 240 ºC, corresponding to the paraffin wax evaporation
and the second step due to the polymer degradation, between 304 and 470 ºC and a 2%
remains no degraded at 700 ºC and corresponds to the SiO2 content. The TGA of the
gypsum composites showed four clear weight losses, and another softer step between 120
and 200 ºC since the main weight change due to the paraffin evaporation of the composite
material is occurring at lower temperature and overlaps the steps of absorbed and
chemically bound waters of the hydrated salt. This effect can be attributed to the
improvement of the heat transfer in the sample due to the higher thermal conductivity of
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the gypsum in the range from 0.19 to 0.76 W/m·ºC, compared to the those of the paraffin
and polystyrene, which are 0.2 and 0.14-0.18 W/m·ºC, respectively [6,21-23].
The comparison of the DTG analysis of the Polymeric-SiO2-PCMs with the rest of the
thermoregulating materials is shown in Figure 6.4.
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Figure 6.4. DTGA curves of the different thermoregulating materials.

Figure 6.4 shows that the Polymeric-SiO2-PCMs has higher thermal resistance than
the Micronal®DS 5001X and similar to the mSP-(PSt-RT27). Besides, it can be seen that
the area of the weight loss peak corresponding to the paraffin wax evaporation follows
the order: Micronal®DS 5001X> Polymeric-SiO2-PCMs > mSD-(LDPE·EVA-RT27) >
mSP-(PSt-RT27), agreeing with the values of latent heat of fusion determined by DSC
(116.2 J/g, 111.2 J/g, 98.14 J/g and 96.74 J/g, respectively).
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6.2.3. Thermal behaviour of the composite gypsum blocks.
Figure 6.5 shows the temperature profiles of the composites containing PolymericSiO2-PCMs when they were subjected to the heating process described in section 3.4.8.
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Figure 6.5. Temperature profiles of the external surface of the composite blocks containing
Polymeric-SiO2-PCMs.

Figure 6.5 shows that the higher the Polymeric-SiO2-PCMs content, the lower the
slope of the temperature profiles when the temperature reaches the region in which the
PCM starts to melt. The decrease in the temperature change indicates that the heat is being
used for the melting process instead of for the temperature increase. Additionally, the
reduction of the temperature in the steady state indicate a decrease of the composites
thermal conductivity. This means, that the insulating capacity of the gypsum has been
improved, probably due to the lower conductivity of the materials of the Polymeric-SiO2PCMs (0.14-0.18, and 0.2 W/m·ºC for the polystyrene and the paraffin Rubitherm®RT27,
respectively) compared to that of the gypsum (0.19-0.76 W/m·ºC) [6,21-23].
As commented above, the gypsum TES capacity has being improved with the
Polymeric-SiO2-PCMs content. This was confirmed by the increase of the accumulated
power with the addition of the Polymeric-SiO2-PCMs, depicted in Figure 6.6 and
measured by the experimental set up described in section 3.2.2.
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Figure 6.6. Power accumulated by the gypsum composites containing Polymeric-SiO2PCMs.

This Figure shows a high increase in the accumulated energy when the microcapsules
are present inside the gypsum composite, being this increase higher as the microcapsules
content grows. In the same way, the use of microcapsules promotes a longer time of
thermal comfort.
From the thermal analyses results, heat capacities, TES capacities in the range of the
composite temperature change and thermal conductivities were determined by using Eqs.
3.5 to 3.7 (Table 6.1).
Table 6.1. Thermal properties of the composite blocks.

PolymericSiO2-PCMs/
Hemihydrate
(wt%)
0.0
2.5
5.0
10.0
15.0

cp
(J/kgºC)

TES
k
(kWh/m3) (W/mºC)

Δcp
(%)

ΔTES
(%)

Δk
(%)

1229.0
1256.0
1591.1
1825.2

6.13
6.39
7.61
8.62

0.336
0.284
0.215
0.170

2.20
29.47
48.51

4.09
24.07
40.51

-15.49
-36.01
-49.27

2380.0

10.20

0.261

93.65

66.28

-18.41

The cp and TES capacity values of lightweight gypsum composites increase with the
increase of the Polymeric-SiO2-PCMs content, due to the latent heat of fusion of the
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PCMs and the polymer heat capacity. The same tendency was observed for the rest of
thermoregulating materials, with ΔTES of 47.64, 63.88 and 55.46% when a 15 wt% of the
mass ratio Microcapsules/Hemihydrate was added, incorporating mSP-(PSt-RT27),
mSD-(LDPE·EVA-RT27) and Micronal®DS 5001X, respectively. It can be seen that the
Polymeric-SiO2-PCMs achieved higher TES capacity improvement than the other
microcapsules.
The cp relationship with the Polymeric-SiO2-PCMs/hemihydrate mass ratio percentage
was found to be linear, as can be observed in Figure 6.7, what can be expresed by Eq.6.2.
𝑚𝑐
· 100)
𝐻𝑒𝑚

(6.2

𝑐𝑝 = 942.23 + 111.48 · (

where mc/Hem is the Polymeric-SiO2-PCMs/hemihydrate mass ratio and cp is
expresed in J/(kgºC). The adjustment showed a coefficient of determination (R2) of 0.998.
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Figure 6.7. Influence of the Polymeric-SiO2-PCMs/hemihydrate mass ratio on the cp.

On the other hand, the results shown in Table 6.1 revealed that the addition of the
Polymeric-SiO2-PCMs decreased the thermal conductivity, improving the insulating
capacity of the gypsum. These results agree with the tendency observed in Figure 6.5,
confirming that the low thermal conductivity of the polymers compared to the gypsum
ones, promotes a reduction of the composite thermal conductivity. According to these
results, the minimum k was obtained for a mass ratio percentage of Polymeric-SiO2PCMs/hemihydrate of 10 wt% (0.170 W/m·ºC) instead for the 15 wt% (0.261 W/m·ºC).
The most probably explanation of the thermal conductivity behavior of the composite
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with the 15 wt% is the change of the microcapsules location, in that way large contents
of fillers could decrease the porosity of the composite and hence increases its thermal
conductivity respect to lower microparticles contents.
Additionally, comparing the thermal conductivity for the rest of microcapsules
percentages, the composites with Polymeric-SiO2-PCMs achieved a higher insulating
increase, up to a 49.27%, whereas the highest thermal conductivity reductions when
adding mSP-(PSt-RT27), mSD-(LDPE·EVA-RT27) or Micronal®DS 5001X were 17.68,
15.88 and 25.84%, respectively [15].
6.2.4. Mechanical test
Once confirmed the improvement of the gypsum TES capacity by the Polymeric-SiO2PCMs addition, it was studied if the composites satisfied the mechanical resistance
Spanish regulation (EN 13279-1) despite of the microcapsules incorporation.
Figure 6.8 shows the maximum flexural strengths of the developed gypsum
composites as function of mass ratio percentage of Polymeric-SiO2-PCMs/hemihydrate.
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Figure 6.8. Maximum flexural strengths of the gypsum composites as function of mass ratio
percentage of Polymeric-SiO2-PCMs/hemihydrate.

Despite that the addition of microcapsules produced a decrease in the maximum
flexural strengths, all the developed gypsum composites satisfied the mechanical Spanish
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regulation (EN 13279-1) which imposes that the flexural strength of gypsum composites
for building construction must be higher than 1 MPa [18].
In the same way, the variation of maximum compression strengths of the developed
smart gypsum composites was studied as function of mass ratio percentage of PolymericSiO2-PCMs/hemihydrate (Figure 6.9).
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Figure 6.9. Maximum compression strengths of the gypsum composites as function of mass
ratio percentage of Polymeric-SiO2-PCMs/hemihydrate.

As occurred for the flexural strength, all the developed gypsum composites satisfied
the mechanical Spanish regulation (EN 13279-2), having compression strength values
higher than 2 MPa. Besides, the Polymeric-SiO2-PCMs caused similar compression
strength decrease than the mSP-(PSt-RT27) which are also from polystyrene; with
compression strength values of 6.53 and 6.70 MPa, respectively. Moreover, they
presented a lower influence than those from LDPE and EVA or PMMA, which reduced
this mechanical property until values of 4.5 and 5.6 MPa, respectively.
The lowest mechanical resistance of mSD-(LDPE·EVA-RT27) particles could be
related with the lower average elastic modulus of their polymeric shell (0.172-0.283 GPa
and 0.015-0.080 GPa for LDPE and EVA, respectively) compared with those showed by
polystyrene and PMMA (1.2-2.6 GPa and 3 GPa respectively) [24,25].
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Due to their good distribution on the needle crystals structure, higher thermal
properties enhancement, and lower mechanical detriment of the final composite,
Polymeric-SiO2-PCMs were selected to increase their content in the gypsum slabs. The
water/hemihydrate mass ratio was previously fixed at 0.48, which corresponds to the
same volume of water as hemihydrate, however, the fast curing of the initial plaster paste
avoids the use of higher Polymeric-SiO2-PCMs/Hemihydrate mass ratios than 15 wt%,
due to the loss of workability. In that way, the incorporation of larger amounts of
microcapsules was carried out by modifying the water/hemihydrate ratio.
6.3.Results and discussion. Part II: Water/Hemihydrate effect
The incorporation of the particles is limited by the decrease of the setting time of the
initial plaster paste with the increase of the microcapsules addition, as was previously
reported by Toppi et al. [22]. The setting of gypsum involves a gradual increase in
viscosity while the mix is fluid, reaching the point in which the mix has attained such
viscosity that it can no longer be poured [26]. This fast curing results in loss of workability
and could be related with the hydrophobicity of the microcapsules, in spite of the
hydrophilicity of the SiO2. In that way, with the aim to achieve the maximum
microcapsule incorporation into the gypsum composites, the water/hemihydrate mass
ratio was modified from 0.6 to 0.8.
Table 6.2 includes the gypsum composites that were possible to manufacture for each
water/hemihydrate mass ratio containing Polymeric-SiO2-PCMs.
Table 6.2. Gypsum composites having different Polimeric-SiO2-PCMs content by varying
the water/hemihydrate mass ratio.

Microcapsules/Hemihydrate
mass ratio

water/hemihydrate
mass ratio (wt%)
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As can be observed, by increasing the water proportion in the initial plaster mixture it
is possible to incorporate a higher amount of microcapsules, allowed by the greater setting
time, resulting in a better workability of the paste. Although the stoichiometric amount of
water required for complete hydration of hemihydrate to dihydrate is only 0.186 by mass
of hemihydrates [20], an over-stoichiometric water is added to improve the workability.
This excess water may be removed during the curing period, process that could increase
the porosity of the final sample [27].
As commented previously, the loss of workability with the increase of the
microcapsules addition could be associated with the final water content. The lower
amount of water leads to fast hardening of the plaster, because the available nucleation
centers are more concentrated in a small volume [28]. However, the previously
commented overlapping between the absorbed water and the paraffin evaporation avoids
its quantification by TGA.
6.3.1. Density and porosity
Figure 6.10 shows the porosity (section 3.4.5) of the composites obtained at different
water/hemihydrate mass ratios.
water/hemihydrate

0.60

0.48
0.6
0.7
0.8



0.55

0.50

0.45

0.40
0

10

20

30

40

50

Polymeric-SiO2-PCMs/Hemihydrate (wt%)
Figure 6.10. Porosity of the gypsum composites obtained by varying the water/hemihydrate
mass ratio.
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It is plain to see that, the higher the water/hemihydrate ratio, the higher the porosity.
Moreover, the porosity of composites having 0.48 water/hemihydrate slightly increases
up to a 10% of Polymeric-SiO2-PCMs/Hemihydrate addition and further decreases when
the incorporation of a 15% is achieved. This result agrees with the above commented
descend of the thermal conductivity for that microcapsules content. For the rest of the
composites with larger embedded particles the porosity is reduced as the Polymeric-SiO2PCMs/Hemihydrate mass ratio increases, contrary to the results reported by Toppi et al.
[22], whose particles based on poly-methil-metacrilate increased the sample porosity.
As commented previously, the removal of the over-stoichiometric water during the
curing step promotes larger porosities, in that way, an increase in the water/hemihydrate
mass ratio encourages the increment of the porosity. On the contrary, the presence of large
amount of microcapsules could reduce the excess of water due to their hydrophobicity,
or being these particles located into the gypsum pores, resulting in both cases in a decrease
of the gypsum porosity.
The apparent density of the gypsum slabs is depicted in Figure 6.11. A natural
consequence of the microcapsules incorporation is the decrease of the density of the
gypsum composites.
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Figure 6.11. Apparent density of the gypsum composites obtained by varying the
water/hemihydrate mass ratio.
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The density of the Polymeric-SiO2-PCMs microcapsules is 0.891 g/cm3, value lower
than the density of the samples without microcapsules (0.915-1.332 g/cm3). Moreover, an
increase in the water/hemihydrate ratio leads to lighter gypsum composites due to their
higher porosity. Nevertheless, all the composites satisfying the minimum density values
established in the Spanish regulation for gypsum (EN 13279-1:2009) since their bulk
densities are higher than 600 kg/m3 [18].
6.3.2. Mechanical properties
The mechanical properties of the final composites are strongly affected by parameters
such as density or porosity, therefore, after verifying the influence of the microcapsules
on these characteristics, a study of their impact on the mechanical resistance is necessary.
Figure 6.12 shows the maximum flexural and compression strengths of the developed
gypsum composites with different water/hemihydrate mass ratios and as function of the
percentage of mass ratio Polymeric-SiO2-PCMs/Hemihydrate. It can be observed that, the
higher the water/hemihydrate mass ratio, the lower the mechanical strength of the
composites. This behavior is in accordance with the increase in the porosity and decrease
in the density of the composites by increasing the water/hemihydrate mass ratio. It is well
known that lower densities and larger porosities promote decreased mechanical strengths
[29,30]. The incorporation of microcapsules diminishes both the compressive and flexural
strengths, being this detriment less acute as the proportion of microcapsules increases.
For higher contents than 30 wt% the mechanical strength remains nearly constant.
Nevertheless, all the composites fulfill the Spanish regulation for gypsum, where a
minimum compressive strength value of 2 MPa and a flexural strength of 1 MPa are
required for building applications (EN 13279-1:2009) [18].
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Figure 6.12. Maximum flexural a) and compressive b) strengths of the gypsum composites
having different water/hemihydrate mass ratio.
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6.3.3. Thermal behaviour
Figure 6.13 depicts the external surface temperature profiles of the gypsum composites
containing different water/hemihydrate mass ratios when they were subjected to a thermal
change from 18 to 40 ºC (section 3.4.8). As discussed earlier, the higher the microcapsules
content, the lower the slope of the temperature profiles at the transient state. At steady
state a decrease of the temperature with the addition of microcapsules is also noticed,
being ascribed to a lower thermal conductivity.
Figure 6.14 shows the temperature profiles of the gypsum composites containing the
maximum Polimeric-SiO2-PCMs/Hemihydrate that was possible to achieve for each
water/hemihydrate ratio.
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Figure 6.13. External surface temperature profiles of the gypsum composites containing the
maximum Polimeric-SiO2-PCMs/Hemihydrate.

As can be seen, the thermal damping effect of the composites raises with the increase
of the water/hemihydrate mass ratio, due to the larger amount of microcapsules that is
possible to include when the over-stoichiometric water is increased. In that way, the
external composite temperature overpasses 26 ºC at 8100, 9650 and 11700 s for the
samples having 0.6, 0.7 and 0.8 water/hemihydrate mass ratio, respectively. This sharp
delay in the increase of the temperature is ascribed to the large latent heat of the
composites doped with microcapsules.
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Figure 6.14. External surface temperature profiles of the gypsum composites with different water/hemihydrate mass ratios.
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This thermal behavior can also be explained by the DSC of the composites. Figure
6.15 represents the heat capacity profiles of the slabs having the maximum PolimericSiO2-PCMs content as function of the temperature, obtained by DSC analysis.
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Figure 6.15. Heat capacity as function of the temperature obtained by DSC analysis.

In this figure 2 peaks are observed, one at 0 and other at 25 ºC. As can be seen, the
higher the water/hemihydrate mass ratio, the higher the peak height. In accordance with
the observed temperature profiles, the heat capacity profiles exhibit a maximum energy
storage temperature at 25 ºC, point in which the change in the temperature slope is
maximum. From the DSC analyses the latent heat of the obtained samples was obtained
(Figure 6.16).
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Figure 6.16. Latent heat of the composites obtained by DSC analysis.
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As shown in Figure 6.16, the latent heat of the gypsum composites increases linearly
as the Polymeric-SiO2-PCMs/Hemihydrate mass ratio grows, independently of the
water/hemihydrate relationship, with a constant of proportionality of 0.5973 (J/g)/wt%.
TES capacities, cp and k of the gypsum composites having the maximum PolymericSiO2-PCMs/Hemihydrate mass ratio and without microcapsules were calculated from the
thermal analyses (Eq. from 3.5 to 3.7) and the results are summarized in Table 6.3.
Table 6.3. Thermal properties of the composite blocks containing the maximum amount of
Polymeric-SiO2-PCMs.

cp (J/kgºC)

TES (kWh/m3)
mc/Hem (%)1
water/hem

0

25

mc/Hem (%)1

ΔTES (%)

0

30

k (W/mºC)
mc/Hem (%)1

Δcp (%)

0

45

Δk (%)

0.6

6.21 13.29

113.84

1031.7 2654.2

157.26

0.319 0.227

-28.84

0.7

5.12 10.19

99.12

1001.2

2312

130.92

0.259 0.192

-25.87

4.55 11.39

150.46

967.4

2926.9

202.55

0.221 0.193

-12.67

0.8
1 Mc/hem

is the Polymeric-SiO2-PCMs content as a percentage of the hemihydrate.

As can be seen, the higher the water/hemihydrate mass ratio, the lower the TES
capacity of the gypsum composites due to the less thermal mass of the samples by
decreasing the density. This lower thermal mass can also explain the worse obtained cp
values since the sensible heat that these materials are able to absorb is lower as their mass
diminish.
The incorporation of the maximum amount of Polymeric-SiO2-PCMs sharply
enhances the thermal properties of the doped gypsum composites. In that way, the TES
capacity of the samples is significantly increased. Although the composite having a
water/hemihydrate mass ratio of 0.6 exhibits the greatest TES capacity, it is the result of
the combination of sensible heat and latent heat, this way this material does not present
the highest thermal damping, as demonstrated in Figure 6.13d. On the other hand, the
sample having 0.8 as water/hemihydrate relationship presents the highest TES capacity
and cp improvements. The large TES capacity and cp combined with its high latent heat
make this composite suitable as thermal damping material. Another important point
related to the energy savings is the reduction of the CO2 emissions to the atmosphere. If
a standard room of a house of 3 x 4 x 2.5 m3 is enveloped with a lightweight gypsum
composites containing a 45 wt% of Polymeric-SiO2-PCMs respect to the hemihydrate and
3 cm of thickness (1 m3 of gypsum panel) it is possible to avoid the emission of 4.89 kg
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of CO2 per operating cycle, loading energy during the heating from 19 to 35 ºC and
releasing it during the corresponding cooling. This is calculated considering that 0.43 kg
of CO2 are emitted to the atmosphere per one electric kWh of produced energy in the
European Union [31].
Finally, concerning the thermal conductivity, the commented growth of the porosity with

the water/hemihydrate mass ratio promotes a decrease of k values, due to the increased
presence of air in the gypsum gaps. In addition, the incorporation of microcapsules
decreased the thermal conductivity of the final product, boosting its insulating capacity
respect to the gypsum due to the commented lower microcapsules conductivity. The effect
of the low k value is easy to be see in Figure 6.13, where the external temperatures at
steady state are significantly softer than those showed by the non-doped gypsum slabs.
Due to the relevance of this parameter on the final thermal properties of the composites and
its dependence on porosity and microcapsules content, the estimation of k value as function
of both parameters is going to be addressed.

6.3.4. Thermal conductivity of porous composites containing fillers
In order to estimate the effective thermal conductivity (keff) of the gypsum composites
containing Polymeric-SiO2-PCMs some assumptions are stablished. The final composite
is assumed to be a homogenously distributed porous material composed by two main
phases. The continuous phase, or solid phase, based on pure gypsum or the mixture of
gypsum and Polymeric-SiO2-PCMs, and a discontinuous phase, composed by the air
embedded into the gypsum gaps. In that way, the addressed problem is tackled from a
porous composite point of view. Therefore, the calculation of keff will be function of both
porosity and thermal conductivity of the solid phase (ksp) (Figure 6.17). For samples
without microcapsules, ksp corresponds with the thermal conductivity of the pure gypsum
(kgypsum).
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Figure 6.17. Scheme of the porous composite.

a) Models for thermal conductivity of heterogeneous porous composites
•

Weighted average Maxwell equation

Several equations have been reported for two-phase systems theoretical models. The
weighted average Maxwell equation, proposed by Hadley [32], highlights among the
reported methods to describe the thermal conductivity of porous materials. This
expression combines the conduction through a continuous solid with the conduction
through a suspension of particles (Eq. 6.3).
𝑘𝑒𝑓𝑓 = 𝑘𝑎𝑖𝑟 ∙ ((1 − 𝛼𝑜 ) ∙

𝑓𝑜 ∙ 𝜀 + 𝐾 ∙ (1 − 𝑓𝑜 · 𝜀)
+ 𝛼𝑜
1 − 𝜀 ∙ (1 − 𝑓𝑜 ) + 𝐾 ∙ 𝜀 ∙ (1 − 𝑓𝑜 )

2 ∙ 𝐾 2 ∙ (1 − 𝜀) + (1 + 2 ∙ 𝜀) ∙ 𝐾
∙
)
(2 + 𝜀) ∙ 𝐾 + 1 − 𝜀

(6.3

where kair is the thermal conductivity of the air, fo is the mixture factor, o the degree
of consolidation,  the porosity which corresponds with the void fraction of the porous
medium and K the ratio between ksp and kair (K= ksp / kair), value which is around 48.3 for
air-gypsum systems [33].
In the range of the porosities exhibited by the obtained composites the degree of
consolidation can be calculated as follows:
{

log(𝛼𝑜 ) = −1.084 − 6.778 ∙ (𝜀 − 0.298); 𝑓𝑜𝑟 0.298 ≤ 𝜀 ≤ 0.580
𝛼𝑜 = 0; 𝑓𝑜𝑟 𝜀 ≥ 0.6

(6.4

There are different expressions to calculate the mixture factor, among them the
equation proposed by Verma et al. [34] (Eq. 6.5) is based on the sphericity of the particles
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in the matrix (Ѱ), tabulated in Table 6.4. For gypsums, the proper Ѱ is 0.57 due to the
needle-like structure of the plasterboard [33].
1

ѱ3 3
)
ln(𝑓𝑜 = − ( )
𝐾

(6.5

Table 6.4. Sphericity (Ѱ) of different particle shapes [33].
Particle shape Ѱ
Sphere
1
5:1 cylinder 0.68
10:1 cylinder 0.57
Parallel pipes 0.62

•

Zehner and Schlunder

The method of Zehner and Schlunder [35] also allows to calculate the thermal
conductivity of heterogeneous composites taking into account the shape of the particles
(Eq. 6.6).
𝐾𝑔 = 𝑘𝑎𝑖𝑟 ∙ (1 − √1 − 𝜀) + 𝑘𝑎𝑖𝑟 ∙ √1 − 𝜀 ∙ 𝐴

(6.6

where

𝐴=

2
𝐵 (𝐾 − 1)
𝐾
𝐵+1 𝐵−1
∙( 2∙
∙ ln ( ) −
−
)
𝑁 𝑁
𝐾
𝐵
2
𝑁

𝑁 =1−

𝐵
𝐾

(6.7

(6.8
10

1−𝜀 9
𝐵 =𝐶∙(
)
𝜀

(6.9

C factor depends on the particle form and it takes the value of 5.00 for cementitious
materials [33].
•

Series and Parallel

Two of the simplest theoretical models for the calculation of effective thermal
conductivity in heterogeneous materials are the series Eq. 6.10 and parallel Eq. 6.11
models.
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𝑘𝑒𝑓𝑓 =

1
𝜀
1−𝜀
+
𝑘𝑎𝑖𝑟
𝑘𝑠𝑝

𝑘𝑒𝑓𝑓 = 𝑘𝑎𝑖𝑟 · 𝜀 + 𝑘𝑠𝑝 · (1 − 𝜀)

(6.10

(6.11

These methods are based on the concept of thermal resistance network, analogous to
the electrical resistance concept [36]. Both models define the lower and upper bounds of
the effective thermal conductivity in heterogenous composites, but a combination of both
is necessary to calculate the real keff value. The Krischer’s model proposes a combination
of the series and parallel models using a phase distribution factor f (Eq. 6.12) [37-39].

𝑘𝑒𝑓𝑓 =

1
1−𝑓
𝑓
+
𝑘𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 𝑘𝑠𝑒𝑟𝑖𝑒𝑠

(6.12

where, kparallel and kseries are the effective thermal conductivity by parallel and series
model, respectively.
Although this equation is widely used in food industry, the value of f factor does not
provide a physical explanation about the phenomenon that takes place, moreover, the
model assumes the same proportion of air (in this case) respect to the solid matrix in both
series and parallel phases.
•

Proposed model for thermal conductivity

In order to estimate keff of the composites and deepen into the thermal conductivity
phenomenon in heterogeneous composites, a physical model is proposed. This model is
focused on the addressed case and based on the combination of both series and parallel
models, making an analogy with the electrical conductivity. Moreover, in this model the
air ratio respect to the solid matrix is not assumed to be equal in both series and parallel
settings, but the total air volume embedded into the composite has been quantify by the
porosity.
Figure 6.18 shows a scheme of the composite and the proposed thermal resistance
network. The proposed system involves three series resistances composed by air (R1),
solid phase (R3) and the combination (R2) of another two parallel resistances, air (r1) and
solid phase (r2).
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Figure 6.18. Scheme of the porous composite a) and the proposed thermal resistance
network b).

According to Figure 6.18 the dimensions of the sample is e x w x L, being ei the
thickness of each series resistance and wi the width of each parallel resistance. The total
resistance of the suggested scheme (RT)is given by Eq. 6.13.
1 1 −1
𝑅𝑇 = 𝑅1 + ( + ) + 𝑅3
𝑟1 𝑟2

(6.13

In order to simplify the problem some parameters are defined. The total air volume
(Vair) into the composite and the total solid phase volume (Vsp) can be expressed as Eq.
6.14 and 6.15, respectively.
𝑉𝑎𝑖𝑟 = 𝑒1 ∙ 𝑤 ∙ 𝐿 + 𝑒2 ∙ 𝑤1 ∙ 𝐿 = 𝜀 ∙ 𝑉𝑇

(6.14

𝑉𝑠𝑝 = 𝑒3 ∙ 𝑤 ∙ 𝐿 + 𝑒2 ∙ 𝑤2 ∙ 𝐿 = (1 − 𝜀) ∙ 𝑉𝑇

(6.15

where VT is the total volume of the sample, VT = e·w·L.
Dividing Eq. 6.14 and 6.15 by the composite width (w) and defining the parameter 
(Eq. 6.16) as the width fraction of air in the parallel setting, Eq. 6.17 and 6.18 are obtained.
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𝑤1
=𝛼
𝑤

(6.16

𝑒1 + 𝑒2 ∙ 𝛼 = 𝜀 ∙ 𝑒

(6.17

𝑒3 + 𝑒2 ∙ (1 − 𝛼) = (1 − 𝜀) ∙ 𝑒

(6.18

A second parameter βi is stablished by Eq. 6.19 as the thickness fraction of i, where β2
gives the fraction of parallel setting in the general scheme.
𝑒𝑖
= 𝛽𝑖
𝑒

(6.19

In that way, from Eq. 6.17, 6.18 and 6.19 the equations 6.20, 6.21 and 6.22 can be
described.
𝛽1 + 𝛽2 ∙ 𝛼 = 𝜀

(6.20

𝛽3 + 𝛽2 ∙ (1 − 𝛼) = (1 − 𝜀)

(6.21

𝛽1 + 𝛽2 + 𝛽3 = 1

(6.22

Once the parameters are exposed the general equation Eq 6.13 can be addressed. The
parallel setting is described by Eq. 6.23, where k2 is the thermal conductivity of the
parallel set; A, Aair and Asp the total, air and solid phase section perpendicular to the heat
flux, respectively (A=L·w); and e, eair and esp the thickness of each parallel element.
1
1 1 𝑘2 ∙ 𝐴 𝑘𝑎𝑖𝑟 ∙ 𝐴𝑎𝑖𝑟 𝑘𝑠𝑝 ∙ 𝐴𝑠𝑝
= + =
=
+
𝑅2 𝑟1 𝑟2
𝑒
𝑒𝑎𝑖𝑟
𝑒𝑠𝑝

(6.23

Taking into account that e=eair=esp (e2), and using the parameter , the solution of the
parallel setting in order to obtain k2 is as follows:
𝑘2 = 𝑘𝑎𝑖𝑟 ∙ 𝛼 + 𝑘𝑠𝑝 ∙ (1 − 𝛼)

(6.24

On the other hand, from Eq. 6.13 the series setting can be expressed by Eq. 6.25,
making use of the βi parameters.
1
𝑘𝑒𝑓𝑓

=

𝛽1
𝛽2 𝛽3
+ +
𝑘𝑎𝑖𝑟 𝑘2 𝑘𝑠𝑝

(6.25

Finally, with the relationships between βi parameters (Eq. 6.20 and 6.21), and the
combination of Eq. 6.24 and 6.25, keff can be calculated.
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1
𝑘𝑒𝑓𝑓

=

(1 − 𝜖) − 𝛽2 ∙ (1 − 𝛼)
𝜖 − 𝛼 ∙ 𝛽2
𝛽2
+
+
𝑘𝑎𝑖𝑟
𝑘𝑎𝑖𝑟 ∙ 𝛼 + 𝑘𝑠𝑝 ∙ (1 − 𝛼)
𝑘𝑠𝑝

(6.26

It is pointed out that , as the air fraction in the parallel setting, should be proportional
to , =A· This way, Eq. 6.26 finally depends just on two parameters, 𝛽2, as the
proportion of parallel setting in the system, and A, as the constant of proportionality
between the air fraction in the parallel setting and the porosity.
b) ksp in absence of microcapsules (kgypsum)
As previously commented, for samples without microcapsules ksp corresponds to the
thermal conductivity of the pure gypsum (kgypsum), which depends on various factors such
as composition or moisture. Due to the unknown required coefficient a first estimation of
kgypsum in absence of microcapsules is carried out.
The calculation of kgypsum is made by using the described models: the weighted average
Maxwell equation, the Zehner and Schlunder method and the proposed series-parallel
model. The fitting of the theoretical keff values with the experimental ones was achieved
by the adjustment of the kgypsum value, moreover the parameters 𝛽2 and A were calculated
and fixed as unique values for all the samples in the case of the proposed series-parallel
model. The value of kair is well known and it was fixed at 0.024 W/m·ºC [38]. With the
obtained kgypsum values through the series-parallel model, the series and parallel methods
were independently calculated as the lower and upper bound of the proposed model,
respectively.
Figure 6.19 shows the estimated keff values for each model compared with the
experimental ones. Furthermore, Table 6.5. summarize the keff estimation errors in each
case and the calculated kgypsum for each model, as well as the A and 𝛽2 parameters
stablished for the series-parallel model.
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Figure 6.19. Experimental and theoretical keff values for gypsum composites without
microcapsules.
Table 6.5. Estimation error of the calculated keff and the obtained kgypsum values for each
model.
Weighted Average Maxwell

Zehner and Schlunder

kgypsum= 6.405 W/m·ºC

kgypsum= 1.749 W/m·ºC

Series-Parallel model
kgypsum= 0.669 W/m·ºC
A=1.194; 𝛽2 =0.837

water/hem

estimation error (%)
0.48

11.13

7.20

4.29

0.6

-10.97

-9.00

-7.01

0.7

-4.71

-1.05

2.87

0.8

-6.18

-1.17

3.58

As can be seen, the three theoretical models used for the estimation of keff provide a
good fitting between experimental and theoretical data, being the sum of absolute errors
the minor for the proposed series-parallel model. On the other hand, the obtained kgypsum
values differ between them. As reported in literature, the thermal conductivity of gypsum
is in the range from 0.19 to 0.76 W/m·ºC [6,22], in that way the proposed series-parallel
model is the only method that gives a kgypsum in the range of possible values. As previously
reported by Korte et al. [33], the weighted average Maxwell equation and the Zehner and
Schlunder method underestimate the value of keff when a kgypsum coefficient is used in the
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range of possible values. Therefore, the obtained kgypsum parameter with the commented
methods is higher than the expected, probably due to the assumption that the voids are
filled by dry air, while the content of the voids is mainly moist air.
The proposed series-parallel model establishes that the constant of proportionality A
has a value of 1.194, and the proportion of the parallel setting, 𝛽2, is 0.837. Moreover, by
Eq. 6.20 and 6.22 𝛽1 and 𝛽3 can be obtained, highlighting the value of 𝛽1, which
corresponds to the proportion of air in parallel respect to the total system and has a value
of 0. Figure 6.20 represents the final resistance network defined by the model, composed
by two series resistances, a gypsum layer (R3) and a set of two parallel resistances (R2)
in series with the previous one, r1, related with the amount of air, and r2 corresponding
to the gypsum proportion.

r1
R2

r2

R3

Figure 6.20. Thermal resistance network stablished by the series-parallel model.

Due to the good fitting and congruent kgypsum values this model was selected to estimate
the keff parameters of the composites containing Polymeric-SiO2-PCMs.
c) keff for composites containing Polymeric-SiO2-PCMs
Once the proper parameters of the series-parallel model have been defined, the
estimation of keff for composites containing Polymeric-SiO2-PCMs can be tackled. The
series-parallel model requires the thermal conductivity of the solid phase, and in the
current case the solid phase is composed by gypsum and Polymeric-SiO2-PCMs. This
way, ksp could be calculated by models performed for heterogeneous solid composites.
Base on their simplicity and wide use, the selected models for the calculation of ksp are
the Rayleigh model, which considers the composite as a continuous matrix (gypsum)
containing embedded spherical particles (Polymeric-SiO2-PCMs), and the Lewis-Nielsen
model, which is a widely used empirical model that coverages a broad range of particle
shapes and packages.
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Eq. 6.27 shows the Rayleigh model, ignoring in the denominator the higher order
components of the infinite series [40].
𝑘𝑠𝑝
𝑘𝑔𝑦𝑝𝑠𝑢𝑚

=1+

3∙∅
10
𝑘𝑚𝑐 + 2 ∙ 𝑘𝑔𝑦𝑝𝑠𝑢𝑚
𝑘𝑚𝑐 + 𝑘𝑔𝑦𝑝𝑠𝑢𝑚
(
) − ∅ + 1.569 ∙ (
)∙∅3 +⋯
𝑘𝑚𝑐 − 𝑘𝑔𝑦𝑝𝑠𝑢𝑚
3 ∙ 𝑘𝑚𝑐 − 4 ∙ 𝑘𝑔𝑦𝑝𝑠𝑢𝑚

(6.27

where ∅ is the volume fraction of the filler (microcapsules), calculated by Eq. 6.28,
and kmc its thermal conductivity.
𝑚𝑐
𝐻𝑒𝑚 /ρmc
∅=
𝑚𝑐
(1 + 𝐻𝑒𝑚) /ρcomp

(6.28

As previously commented, mc/Hem is the Polymeric-SiO2-PCMs/hemihydrate mass
ratio, and ρmc and ρcomp the Polymeric-SiO2-PCMs density and the true gypsum composite
(section 3.4.5), respectively.
Eq. 6.29 presents the Lewis-Nielsen model [41], where B is the shape parameter (Eq.
6.30) and Ѱ a constant depending on the packing fraction (Eq. 6.31).

𝑘𝑠𝑝 = 𝑘𝑔𝑦𝑝𝑠𝑢𝑚

1+𝐷·𝐵·∅
1−𝐵·ѱ·∅

(6.29

𝑘𝑚𝑐

−1
𝑘𝑔𝑦𝑝𝑠𝑢𝑚
𝐵=
𝑘𝑚𝑐
+𝐷
𝑘𝑔𝑦𝑝𝑠𝑢𝑚
ѱ=1+

1 − Ø𝑚
∙∅
Ø2𝑚

(6.30

(6.31

In the exposed equations D is a shape coefficient for the filler particles, which is 1.5
for spheres, and ∅𝑚 the maximum filler volume fraction tabulated in Table 6.6.
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Table 6.6. ∅𝑚 for different arrangements [41].

Type of packing

Øm

Face-centered cubic

0.7405

Hexagonal close

0.7405

Body-centered cubic

0.6

Simple cubic

0.524

Random close

0.637

Random loose

0.601

As can be observed, both models depend on the gypsum (kgypsum) and microcapsule
(kmc) thermal conductivities. Therefore, the estimation of keff for the gypsum composites
containing Polymeric-SiO2-PCMs by using the series-parallel model is carried out
through the adjustment of kgypsum and kmc for the previous calculation of ksp by means of
Rayleigh or Lewis-Nielsen models.
Table 6.7 shows the estimated keff value for some representative gypsum samples
containing Polymeric-SiO2-PCMs (maximum and intermediate microcapsules content)
obtained by means of the series-parallel model and the Rayleigh or Lewis-Nielsen
models, as well as the kgypsum and kmc values obtained with each model.
Table 6.7. kgypsum, kmc, keff and estimation error of some representative gypsum composites
containing Polymeric-SiO2-PCMs obtained by using the series-parallel model and two different
models for the ksp calculation.
Sample

Rayleigh

Lewis-Nielsen

kgypsum=0.643 W/mºC
kmc=0.225 W/mºC

kgypsum=0.630 W/mºC
kmc=0.268 W/mºC

keff (W/mºC) Δkeff (%) keff (W/mºC) Δkeff (%)

water/hem 1

mc/Hem (%) 2

0.48

2.5

0.300

12.55

0.314

10.87

0.48

15

0.262

0.52

0.262

0.38

0.6

15

0.253

-30.62

0.253

-30.70

0.6

25

0.227

-0.26

0.227

-0.13

0.7

15

0.226

2.20

0.226

2.08

0.7

20

0.230

-5.47

0.229

-5.41

0.7

30

0.221

6.17

0.222

6.35

0.8

15

0.195

-22.61

0.195

-22.69

0.8

20

0.192

-0.37

0.193

-0.29

0.8

25

0.190

1.62

0.190

1.79

0.8

40

0.196

-6.35

0.196

-6.38
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0.8

45

0.195

2.74

0.194

2.49

1 water/hem

corresponds to the water/hemihydrate mass ratio.
2 Mc/hem is the Polymeric-SiO2-PCMs content as a percentage of the hemihydrate.

As can be observed from Table 6.7, both Rayleigh and Lewis-Nielsen models used for
the ksp calculation provide a proper fitting of keff for composites containing PolymericSiO2-PCMs, being the obtained keff values quite similar between them. Two samples,
underlined in Table 6.7, presented a high deviation respect to the estimated keff value by
using both models, probably due to some experimental errors during the measurement of
the required physical parameters (bulk density, true density, porosity or thermal
conductivity). Thermal conductivities kgypsum and kmc fitted by means of both methods are
in the range of possible values (0.19 to 0.76 W/m·ºC for kgypsum and ≈ 0.2 W/m·ºC for kmc
[6,21-23]). It should be pointed out that, in both models kgypsum value estimated for
composites containing microcapsules is lower than that fitted for the composites without
particles, 0.643 and 0.630 W/m·ºC for Rayleigh and Lewis-Nielsen models, respectively,
versus 0.669 W/m·ºC for series-parallel model. This lower thermal conductivity for the
gypsum confirms the lower water content promoted by the presence of hydrophobic
microcapsules.
Therefore, it can be concluded that the proposed series-parallel model for the
estimation of keff provide a proper fitting between the experimental and theoretical data
for gypsum composites with different water/hemihydrate mass ratios, moreover the
combination of this model with both the Rayleigh or the Lewis-Nielsen models allow its
application in gypsum composites containing Polymeric-SiO2-PCMs.
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6.4.Conclusions
Lightweight gypsum composites containing up to a 15 wt% of Polymeric-SiO2-PCMs
were manufactured, observing a good distribution of these microcapsules on the needle
crystals structure due to their low particle size. These results are completely contrary to
the agglomeration observed when mSP-(PSt-RT27), mSD-(LDPE·EVA-RT27) and
Micronal®DS 5001X were added. Besides, it was found a linear relationship between the
cp and the microcapsules content. The cp, TES capacities and thermal insulation of
gypsum improved in a 93.65%, 66.28% and 18.4%, respectively, when a Polymeric-SiO2PCMs/hemihydrate mass ratio of 15 was added. The mechanical properties were less
affected by the addition of Polymeric-SiO2-PCMs than by the other kind of studied
particles.
Increasing the water/hemihydrate mass ratio up to 0.8 it was possible to achieve a
Polymeric-SiO2-PCMs incorporation of 45 wt% into gypsum composites, obtaining
materials with enhanced thermal properties. The addition of water upper its stochiometric
amount promoted the porosity growth in the final composites and decreases their density
However, the addition of large quantity of microcapsules leads to the opposite effect.
Despite of the fact that the Polymeric-SiO2-PCMs addition reduces the mechanical
properties, all the developed materials satisfied the mechanical Spanish regulation
EN 13279-1 which limits the minimum compression and flexural strengths of gypsum
composites for building construction to 2 and 1 MPa, respectively.
Finally, the proposed series-parallel model combined with the Rayleigh or LewisNielsen models allowed its application in gypsum composites containing PolymericSiO2-PCMs for determining the kgypsum and kmc as unknown fitting parameters and using
the keff as the dependent variable.
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Abstract
An in-situ shape-stabilized phase change material (ssPCM) from polyethylene glycol
(PEG) with a molecular weight of 1000 g/mol for building material applications has been
produced by sol-gel method. The inorganic matrix was in situ formed from
tetraethylortosilicate (TEOS), controlling the condensation rate in a second alkaline step
using NaOH. ssPCMs having a latent heat up to 113.8 J/g were synthetized using a sol
with a molar ratio H2O:EtOH:H2SO4:PEG1000:TEOS of 2:0.34:0.021:0.50:1 and an
equivalent ratio NaOH/H2SO4 of 1.15 for promoting the gel step.
The presence of high-density hydrogen bonds between silanol groups and the ether
oxygen atoms of PEG and the existence of latent heat allowed to confirm that the PEG
worked in two ways. Either forming the PEG-SiO2 matrix or adsorbed onto the surface
of the previous polymeric matrix, losing or conserving its latent heat, respectively. The
addition of NaOH allowed to change the functionality of the silicon matrix which strongly
affected the water content, the thermal stability and the amount of active PEG in the
ssPCMs, leading to an optimal neutralization condition when an equivalent ratio
NaOH/H2SO4 of 1.15 was used.
The obtained ssPCM has an appropriate range of operative temperatures, a high latent
heat in the range of common thermoregulating materials, and a proper thermal reliability.
This developed compound can be incorporated directly into porous building materials,
avoiding its leakage with the operating time by controlling its gelation time.
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7.1.Background
ssPCMs are a kind of PCM whose properties are lying between solid-solid and solidliquid PCMs, as was commented in section 2.5. They are compounds composed by an
organic substance working as PCM and a supporting matrix that provides structural
strength and prevents the leakage of the melted organic component [1]. Inorganic porous
materials are the preferred compounds to be applied as stabilizing matrix for PCM due to
their high surface area, considerable thermal stability, large porous volume, non-toxicity,
good mechanical properties and appropriate thermal conductivity. Among them,
graphene oxide or silica are some of the most chosen materials attending to their fire
resistance and compatibility with building composites [2,3]. On the other hand, PEGs
have been used in the manufacture of ssPCMs due to their high latent heat of fusion,
chemical stability, non-toxicity and controlled melting point attending to their molecular
weight. Furthermore, the price of PEGs is more competitive than those for paraffin waxes.
There is a wide range of methods to prepare shape-stabilized PCMs such as solution
blending [4], melt blending [5], chemical precipitation [2], sintering [6], impregnation [7]
or sol-gel [8]. This last method is ideal to synthesize organic-inorganic hybrid materials
by enmeshing different organic substances in the glassy matrix, allowing the modification
of the properties of the sol-gel product [9].
In the sol-gel process, the transition from a colloidal solution (sol) to a solid phase
(gel) is carried out by means of hydrolysis and polycondensation reactions of the
precursor. Due to the liquid-solid transition, ssPCMs synthetized by sol-gel method are
interesting for the incorporation of PCM in building porous materials, where the leakage
is often a problem [10]. The initial sol could be adsorbed by the porous slabs (concrete,
gypsum, bricks, wood…) and further solidified in their inner structure, controlling the
gelation time of the ssPCM.
In that way, Tang et al. [11] synthetized different ssPCMs from PEG1000 and
tetraethyl orthosilicate (TEOS) as silica precursor. They used a second alkaline step of
catalysis in order to promote the condensation reaction, leading the gelation of the final
product. In that research the ssPCM was accomplished with a first acid catalysis using
HCl, and a second alkaline catalysis where the pH was adjusted within 7 to 8 by adding
a fixed amount of ammonia water (with no results) or Na2CO3, which caused the instant
gelation of the mixture. The ssPCM presented a PEG content of 80 wt%, whereas
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analysing their latent heat, only a PCM content of 63 wt% was found. In that way, a
reduction in the thermal energy storage capacity of the composites took place in this
process but neither in the above article nor in other research articles based on the
development of ssPCMs by sol-gel method was this behaviour addressed.
By sol-gel it is possible to prepare mesoporous silica matrix in absence of PEG and
further it could be used to prepare ssPCMs by impregnation method. Wang et al. [12] and
Li et al. [13], have developed composites from PEG/SBA-15 and PEG/SiO2 respectively,
and they found that the latent heat of the PEG disappeared due to a strong interaction
between the hydroxyl groups of silica matrix and the ether oxygen atoms of the PEG (HO···O). Li et al. [13] have also reported the formation of additional hydrogen bonds
between the hydroxyl groups of both PEG and SiO2. For corroborating the above
interactions between PEG and SBA-15, Wang et al. [12] replaced the hydroxyl groups
present in the external and internal porous surface of silica matrix with amino and methyl
groups, respectively, finding that this surface modification allowed to change the fusion
enthalpy from 0 to 80 J/g in composites containing up to a 60 wt% of PEG. Hence, a high
density of hydroxyl groups in the silica matrix could affect negatively the thermal
capacity of this kind of composites. On the other hand, Li et al. [13] found that for PEG
concentration upper than 50 wt%, the polymer chain had enough freedom to crystalize,
obtaining composites with thermal capacity. These results indicate that depending on the
functional groups present in the silica matrix it is possible to find that the PEG can work
as PCM or as a carrier material joined to the silica matrix. The formation of a matrix PEGSiO2 was validated by Parida et al. [14] and they have used the silica treated with PEG
for the adsorption of styryl pyridinium dyes.
Therefore, there is a lack of information about the role of the hydroxyl groups density
of the silica matrix on the stabilization of PEGs and how this density might be tuned
during the condensation step, changing the thermal energy storage capacity or the thermal
stability of the ssPCMs generated in-situ by sol-gel process. In that way, for changing the
hydroxyl groups density of the inorganic matrix and maximize the amount of PEG that
works as PCM in the final ssPCM, the properties of the silica surface obtained using a
strong acid catalyst (H2SO4) were modified, controlling the condensation reaction by
means of different amounts of an alkaline catalysts (NaOH).
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In this chapter a shape-stabilized PCM designed to be applied in building porous
materials has been developed. In order to get a material with the appropriated thermal
properties PEG with a molecular weight of 1000 g/mol was selected as PCM. Silicon
dioxide is the selected compound to act as confinement matrix. For joining PEG and
silica, the sol-gel method is used by virtue of its simplicity and low cost [15-17]. The
inorganic matrix has been in-situ formed from TEOS by means of controlled
condensation, enabling to obtain a stable final product with the desired thermal properties
by using the PEG. The synthesis of the ssPCM by varying the molar ratios of water:TEOS
(2-5), ethanol:TEOS (0.34-9) and H2SO4:TEOS (0.021-0.624) is studied. With the aim
of maximizing the amount of confined PCM and achieving a stable product the
condensation step is going to be controlled, adding different quantities of sodium
hydroxide (NaOH) in a second catalysis step for leading the neutralization of the initial
blend. The interaction between the ether oxygen atoms of PEG and the hydroxyl groups
from the stabilizer frame has been considered. Finally, the thermal properties of the
obtained ssPCMs are analysed, and taking into account the target application of the
composites their gelation times are also reported.
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7.2.Results and discussion
7.2.1. PEG-SiO2 ssPCM synthesis
Sol-gel method consists in the transition from a colloidal solution to a solid phase by
means of three reactions: hydrolysis, alcohol condensation and water condensation of the
alkoxide precursor [18].
TEOS was used as precursor for the synthesis of the silica matrix. During the
hydrolysis step alkoxide groups react firstly with water forming silanol groups and
alcohol (Scheme 7.1a) [19]. Succeeding condensation reactions involve silanol groups to
encourage the appearance of siloxane bonds (Si-O-Si) plus alcohol (Scheme 7.1b) or
water (Scheme 7.1c).

𝑆𝑖 𝑂𝐶2 𝐻5

4

+ 𝑛𝐻2 𝑂

⇌

𝑆𝑖 𝑂𝐶2 𝐻5

4−𝑛

𝑂𝐻

𝑛

+ 𝑛𝐶2 𝐻5 𝑂𝐻

(a

(b

(c

Scheme 7.1. Main reactions in sol-gel process.

Known the procedure for the sol-gel method and with the aim of obtaining ssPCMs
with the desired thermal properties, a series of experiments are carried out by varying the
TEOS:water:ethanol:H2SO4 molar ratio, keeping constant the molar ratio of
PEG1000:TEOS at 0.50.
In accordance with the literature, a water:TEOS molar ratio of 2 is enough for complete
hydrolysis because of the water production during the condensation process. On the other
hand, the use of water:TEOS ratios from 7 to 25 promotes the production of spherical
particles [20]. Generally, the formation of intermediate species avoids the completion of
the hydrolysis reaction [21]. In that way, in order to find the suitable amount of water that
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leads the complete hydrolysis of TEOS, the water:TEOS molar ratio is varied from 2 to
5.
The miscibility between alkoxide and water is necessary for carrying out the hydrolysis
of TEOS, which is achieved in presence of an alcohol. Solvent and alkoxide must have
the same nature for avoiding the generation of by-products by transesterification
reactions, in which an alcohol displaces an alkoxide group (Eq. 7.1) [22,18].
𝑅`𝑂𝐻 + 𝑆𝑖 𝑂𝑅

4

→ 𝑆𝑖 𝑂𝑅 3 𝑂𝑅` + 𝑅𝑂𝐻

(7.1

According with the ternary diagram of miscibility for water, TEOS and ethanol
(Figure 7.1), reported by L.C. Klein [23] a proper H2O:EtOH:TEOS molar ratio 2:9:1
must be used. Nevertheless, large quantities of water and ethanol are able to promote
depolymerisation by the reverse reactions shown in Scheme 7.1b and 7.1c [24]. Hence,
in order to avoid the undesirable depolymerization reaction and promote the formation of
a stable silica matrix, EtOH:TEOS molar ratio was varied from 0.36 to 9.

Figure 7.1. Ternary phase diagram water, TEOS and ethanol [22].

Regarding the catalyst effect, the initial addition of an acid substance favours the
hydrolysis (formation of the sol), while the use of a second base-catalysed step promotes
the generation of the gel since the condensation rate increases [25]. Therefore two acid
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catalyst ratios of H2SO4:TEOS (0.021:1 and 0.624:1) are initially added, and after 30
minutes of reaction the condensation and gelation are promoted by using the
stoichiometric amount of NaOH 5M required to achieve the complete neutralization of
the acid. Table 7.1 summarizes the series of experiment performed using a constant molar
ratio of PEG1000:TEOS of 0.50 and a brief comment about the gelation step and product
characteristics.
Table 7.1. Molar ratios of the raw material respect to the TEOS for all the obtained
products.
Experiment

Water

Ethanol

H2SO4

Product

1

2

9

0.021

Brittle and with
leakage.

2

2

0.34

0.021

Fast gelation.
Solid and stable.

3

5

0.34

0.021

Not solid. Two
phases.

4

2

0.34

0.624

Fast gelation. Not
stable over time.

From the Table 7.1, it can be observed that, in contrast to the other reactions, the
Experiment 2 using a molar ratio H2O:EtOH:H2SO4:TEOS of 2:0.34:0.021:1 allowed to
obtain a solid product with fast gelation and completely stable over the time. Comparing
the different results, a H2O:EtOH:TEOS molar ratio of 2:0.34:1 was required to facilitate
the hydrolysis being the ethanol amount considerably smaller respect to the ethanol
quantity estimated by L.C. Klein for ensuring the miscibility of the ternary mixture of
TEOS, water and ethanol. This effect could be probably due to the presence of polyol
(PEG) which favours the contact TEOS-H2O. Furthermore, the use of an excess of ethanol
causes leakage of the PEG in the final product (Experiment 1), confirming that, the large
presence of solvent promotes the breaking of siloxane bonds (Si-O-Si). Regarding the
water, an increase in H2O:TEOS molar ratio from 2 to 5 is deleterious for obtaining a
solid product, which is not suitable for its further use as shape-stabilized material
(Experiment 3). Thus, H2O:TEOS molar ratios higher than 2 favour the water
condensation instead of alcohol condensation, increasing the amount of water in the
process. The higher the water content the lower the production of ethanol during the
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condensation step, causing water-TEOS immiscibility [18]. Concerning the amount of
catalyst, the higher the quantity of acid, the higher the alkaline solution in the
neutralization step and, therefore, an unnecessary excess of water is added decreasing the
stability of the gel (Experiment 4).
Taking into account the above results and for obtaining a stable ssPCM, the most
suitable molar ratio between its constituents H2O:EtOH:H2SO4:PEG1000:TEOS was
2:0.34:0.021:0.50:1. This molar ratio presented the minimum amount of water and
ethanol necessary for completing the TEOS hydrolysis, avoiding the depolymerization,
but favouring the water-TEOS miscibility by the PEG presence.
7.2.2. Chemical composition
Once the appropriate formulation has been selected, the study of their structure and
composition are carried out. The chemical structure of the composite was characterized
by FTIR. Figure 7.2 shows the FTIR spectra of pure PEG and silica. In the spectra of pure
PEG1000 a triple peak at 1059 cm-1, 1141 cm-1 and a main signal at 1098 cm-1
corresponding with the C–O–C stretching vibration can be observed. The peaks at 2880
cm-1, 950 cm-1 and 840 cm-1 are attributed to the stretching vibration of the –CH2 groups
and C–C–O bonds [5]. The bending vibration of O–H appears at 3422 cm-1 and C-O bonds
at 1234 cm-1 and 1282 cm-1 [9,26]. The silica presents its characteristic spectrum with
strong peaks at 1036 cm-1 and 790 cm-1 ascribed to the Si–O–Si stretching [27,28]. The
peak at 950 cm-1 can be assigned to the Si–OH stretching and the broad peak around 32003400 cm-1 corresponds with the –OH band.
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Figure 7.2. FTIR spectra of SiO2 a) and pure PEG1000 b).
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Figure 7.3. FTIR spectra of ssPCM completely neutralized a) and their framework b).

The spectra of the ssPCM and their framework obtained by solvent extraction (section
3.3.5a) are illustrated in Figure 7.3. Most of the typical peaks of PEG1000 and SiO 2
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appear in the FTIR spectra of the ssPCM at 1090 cm-1. The absence of new bands
confirmed that no chemical bonds took place between PEG1000 and silica matrix at the
studied sol-gel process conditions. The remaining solid framework was subsequently
examined by FTIR. The presence of the peaks 1227 cm-1, 2870 cm-1, and 1149 cm-1,
which correspond with C-O, CH2 and C–O–C vibrations respectively suggests the
existence of PEG in the solid ssPCM framework [26,28]. Furthermore, the shifting of the
peaks referred to silanol groups toward 3320 cm-1 indicates that silanol groups are
perturbed at both oxygen and hydrogen atoms (molecule d. Figure 7.4), confirming that
both hydroxyl groups and the ether oxygen atoms of PEG form hydrogen bonds with the
silanol groups [29].

Figure 7.4. Representation of the different types of silanol groups: free (a) and engaged in

○

●

various hydrogen bonds (b)-(d). Silicon atom ( ); Oxygen atom ( ); Hydrogen atom (○) [29].

These results are in accordance with the DSC of the solid framework (Figure 7.5),
because these high-density hydrogen bonds inhibit the crystallization of the PEG,
avoiding its detection in the DSC analysis, although the TGA corroborates its high
presence [12]. Hence, it indicates that PEG works in two ways in the ssPCM synthetized
in situ by sol-gel. Firstly, the non-active which is joined by hydrogen bonds to the silica
forming a PEG-SiO2 matrix and losing its latent heat, and secondly the active PEG which
keeps its latent heat, being adsorbed on the PEG-SiO2 matrix and working as PCM. As
commented before, the formation of the PEG-SiO2 matrix has been already reported by
Parida et al. [14] as a supporting material able to entrap certain organic molecules (dyes),
but in this work it is observed that the matrix is also able to adsorb a large amount of PEG
for the formation of ssPCMs. An approach to the binding process that takes place by
hydrogen bonds is summarized in Figure 7.6.
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Figure 7.5. DSC signal and TGA analysis for the ssPCM framework.

Figure 7.6. Structural schematic diagram of ssPCM.
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7.2.3. Study of the second catalysis step
The condensation rate has a crucial effect on the silica matrix structure and
consequently on their final properties. This step can be controlled by the addition of
NaOH in order to change the pH of the medium [30]. Various experiments adding
different amount of NaOH in the second catalytic step were carried out. Due to the
difficulties for measuring the true pH value, because of the fast gelation of the product,
the addition of NaOH is represented by equivalents of NaOH per equivalents of H2SO4
initially added (eq.NaOH/eq.H2SO4) according with the equation (Eq. 7.2), obtaining
different kinds of ssPCMs by varying this ratio from 0.4 to 1.6.
𝑒𝑞𝑁𝑎𝑂𝐻 𝑉𝑁𝑎𝑂𝐻 · 𝑁𝑁𝑎𝑂𝐻
=
𝑒𝑞𝐻2 𝑆𝑂4 𝑉𝐻2 𝑆𝑂4 · 𝑁𝐻2 𝑆𝑂4

(7.2

where Vi and Ni are the volume and the normalities for both NaOH and H2SO4,
respectively. The nomenclature designated for the synthetized ssPCM is ssPCMi, being
the subscript i the eq.NaOH/eq.H2SO4 ratio.
a) Gelation time and viscosity
Polymers which are formed during the first step tend to grow up and condense
internally after the second catalytic stage. The dependency of the gelation time with the
addition of NaOH is represented in Figure 7.7. As can be observed, the gelation time
decreases exponentially with the addition of NaOH. For additions smaller than 0.75
eq.NaOH/eq.H2SO4 the gelation time was higher than two days while the gelation for the
ssPCM1.00 occurs at around 6 minutes. These results are due to the increment of the
condensation rate with the pH value of the medium becoming into a fast reaction at
intermediate pH values [31], since the gelation time has an inverse dependence with the
reaction rate of the condensation step [20].
The control of the ssPCM gelation time would allow their incorporation into different
porous materials. The sol could be adsorbed by the porous slabs (concrete, gypsum,
bricks, wood…) and further gelled in their inner structure. Besides, the infiltration of the
young sol into the porous material is favoured by its lower viscosity respect to pure
PEG1000, 0.07 Pa·s instead of 0.18 Pa·s, respectively, both measured at 50ºC (section
3.4.9).
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Figure 7.5. Variation of gelation time with the addition of NaOH.

b) Thermal analyses
The thermal properties of pure PEG1000 and the different ssPCMs were analyzed by
means of TGA and DSC. The proportion of remaining water and ethanol into the ssPCM,
its PEG content (PEGtotal) and the total silicon oxide (SiO2) can be quantified by TGA
(Table 7.2), whereas the melting (Tm) and crystallization (Tc) temperatures as well as the
melting (∆Hm) and crystallization (∆Hc) enthalpies can be determined by using the DSC.
Figure 7.8 shows the thermogravimetric analyses of some of the synthesized ssPCMs.
In order to analyse the results, ssPCMs were classified depending on their neutralization
level: ssPCM0.40-ssPCM0.80, partially neutralized gels; ssPCM1.00, completely neutralized
gel and ssPCM1.10- ssPCM1.6 as gels with excess of NaOH.
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Table 7.2. Remaining liquid phase (water-ethanol), PEG content (PEGtotal) and the total
silicon oxide (SiO2) quantified by TGA for each obtained ssPCM.
ssPCM

Ethanol &
water (wt%)

PEGtotal
(wt%)

SiO2
(wt%)

0.40

4.8

85.8

9.4

0.65

5.1

82.6

12.3

0.80

6.6

79.2

14.2

1.00

5.0

81.1

14.0

1.10

2.7

84.4

12.9

1.15

2.6

84.6

12.9

1.35

5.6

86.6

7.8

1.60

10.7

76.0

13.4

100
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Figure 7.6. TGA curves for PEG1000 and the ssPCMs with different eq.NaOH/eq.H2SO4
ratios.

Figure 7.8 presents two weight losses, the first one below 120 ºC corresponds with the
ethanol and water physically retained into the gel and the second one can be mainly
attributed to the amount of PEG in the ssPCM and occurs between 350 to 430 ºC. In this
temperature range (≈400 ºC), chemisorbed water from silanol groups is also present [32],
but it can be considered negligible compared with the PEG content. It is also observed a
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stable material at 700 ºC that is related with the silicon oxide formed during the sol-gel
reaction. Nevertheless, important differences between the obtained ssPCMs can be
observed as function of the neutralization level, such as different ethanol/water contents
and shifting in the PEG degradation temperature. Hence, this neutralization level changes
the functionality of the silica surface, and the final characteristics of the synthesized
ssPCMs.
Different species such as SiOH, SiOH2+ and SiO- on silica surface can be found as pH
function. The chemical reactions of silanol groups with H+/OH- are considered the main
surface charging mechanism for silica. In that way, silicon atoms can dissociate or
protonate according to the pH (Eq. 7.3, 7.4 and 7.5) [33].
Si-OH + H2O ⇋ Si-O- + H3O+

(7.3

Si-OH + H3O+ ⇋ Si-OH2+ + H2O

(7.4

Si-OH + OH- ⇋ Si-O- + H2O

(7.5

Starting from acidic conditions, as the neutralization rate increases the silica surface
becomes negatively charged (SiO-), being the amount of SiOH2+ almost negligible at
slightly basic pH. Accordingly, the higher the pH value the higher the density of SiOgroups on the silica surface, being lower the amount of SiOH. In concurrence with this
behaviour, SiOH groups are higher at pH close to neutral [33]. The increase in the density
of SiO- groups on the silica surface has an influence on the SiOH groups, favouring the
formation of hydrogen bonds between them [34].
On the other hand, the interaction between water and negative charged silanol groups
has been reported for some authors. The water molecules can interact by hydrogen
bonding with silanol groups and electrostatic interaction with SiO- species, being the latter
one the strongest [34-36]. Once this phenomenon has been commented, the results of the
TGA analyses can be addressed.
Regarding the presence of physically retained ethanol/water (Table 7.2), neutralized
and partially neutralized gels (ssPCM0.40-ssPCM1.00) present an ethanol/water content
between 5 to 6.5 wt%. On the other hand, gels with excess of NaOH are strongly
dependent on the neutralization level, leading to 2 wt% for ssPCM1.10 and ssPCM1.15 and
increasing up to a maximum content of ethanol/water of 10 wt% for ssPCM1.60. According
to Parida et al. [37], the adsorption of additional water on silica surfaces takes place
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mainly around adsorbed water molecules rather than on free silanols, because such
clusters would be energetically more favourable. This affirmation is also in agreement
with the thermal stability observed in the second weight loss, being mainly function of
the functional groups SiOH2+, SiO- and SiOH distributions on the external surface of the
silica.
In that way, at slightly basic conditions (ssPCM1.10 and ssPCM1.15) the SiOH---SiOinteraction would diminish the water adsorption to a minimum. Nevertheless, for the
ssPCM1.35 and ssPCM1.6, the high SiO- groups presence form electrostatic interaction with
chemisorbed water, being this polarized water more able to adsorb additional water than
the ssPCM0.40-ssPCM1.00, with less polarized SiOH---water interactions.
With respect to the weight loss attributed to PEG, the thermal degradation steps of
partially neutralized ssPCMs (ssPCM0.40-ssPCM0.80) go forward in relation to the
decomposition temperature of pure PEG1000, whereas they go backward for the ssPCMs
with excess of NaOH and neutral pH (ssPCM1.00-ssPCM1.60). This displacement could be
related with the vaporization of the chemisorbed water, which would drive the
degradation of the PEG. Thus, the shifting of the temperature degradation of PEG for
ionized silica surfaces must be dependent on the SiO- presence, and mainly on the weak
or strong absorbed water. In that way, a weak absorbed water favours the PEG
vaporization (ssPCM0.40-ssPCM0.80whereas a strong attached water delays this process
(ssPCM1.00-ssPCM1.60).
DSC analyses were performed for estimating the latent heat of the synthesized
ssPCMs. As commented before, hydrogen bonds between the silicon oxide and PEG
could avoid the mobility of the PEG during its crystallization, leading to a loss of latent
heat. In that way, the PEG inside the ssPCM acting as energy storage material can be
calculated from the values of ∆Hm and ∆Hc (Eq. 7.6), corresponding with the active PEG
(PEGactive), and the proportion of matrix composed by the non-active PEG (PEGn.a) and
SiO2 can be estimated from the TGA analysis (Eq. 7.7).
𝑃𝐸𝐺𝑎𝑐𝑡𝑖𝑣𝑒 % =

∆𝐻𝐶𝑠𝑠𝑃𝐶𝑀 +∆𝐻𝑚𝑠𝑠𝑃𝐶𝑀
∆𝐻𝐶𝑃𝐸𝐺 +∆𝐻𝑚𝑃𝐸𝐺

· 100

𝑃𝐸𝐺𝑛.𝑎. − 𝑆𝑖𝑂2 % = 100 − 𝑃𝐸𝐺𝑎𝑐𝑡𝑖𝑣𝑒 − 𝐸𝑡ℎ𝑎𝑛𝑜𝑙&𝑤𝑎𝑡𝑒𝑟

(7.6
(7.7
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The PEG content (PEGtotal) obtained by TGA, the thermal properties of the synthesized
ssPCMs and the amount of active PEG (PEGactive) need to be considered together. The
results obtained for the different ssPCMs are gathered in Table 7.3.
Table 7.3. Thermal properties of ssPCMs and the respective total and active PEG
percentages obtained by DSC and TGA.

ssPCM

Melting Step

Crystallization
Step
Tc
∆Hc

PEGactive

PEGtotal
(%)

Tm

∆Hm

(ºC)

(J/g)

(ºC)

(J/g)

PEG1000

35.13

146.70

27.14

144.80

100.00

100

0.40

32.07

97.02

21.91

88.95

63.80

85.76

0.65

28.34

93.95

14.52

81.21

61.01

82.63

0.80

29.26

95.48

18.42

88.34

63.06

79.20

1.00

31.98

100.90

18.59

89.61

65.36

81.05

1.10

34.29

107.50

18.90

100.20

71.25

84.44

1.15

35.22

113.80

22.94

105.60

75.27

84.56

1.35

30.99

99.02

19.80

86.68

63.70

86.62

1.60

34.47

92.47

21.80

84.31

60.50

75.98

(%)

For all compounds, the phase transition during the heat process took place at higher
temperatures than those for the cooling procedure, leading subcooling. The difference
between the melting and crystallization temperatures is slightly higher for the ssPCMs
than for pure PEG1000, probably due to the strong silica/PEG interactions. Concerning
the PEG1000, its content in the ssPCM was within 76 to 87 wt%, whilst the active PEG
content obtained by DSC was from 60 to 75 wt%. Hence, the gap between PEG total and
PEGactive content can be explained by the above commented interactions between the
SiOH groups and the PEG ether oxygen atoms that diminishes the PEG power as thermal
energy storage material. The PEGactive would act as PCM adsorbed in the PEGn.a-SiO2
matrix, which has the capability to entrap polar substances [14]. In order to study this
effect, the grams of PEGn.a-SiO2 matrix formed per gram of SiO2, as well as the grams of
PEGactive adsorbed by the PEGn.a-SiO2 matrix are displayed in Figure 7.9.
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Figure 7.7. Grams of PEGn.a.-SiO2 formed per gram of SiO2 (PEGn.a.-SiO2/SiO2) and grams
of PEGactive adsorbed per gram of PEGn.a.-SiO2/SiO2 for the different ssPCMs.

As expected, the proportion of PEGn.a-SiO2 matrix respect to the SiO2 is strongly
dependent on the neutralization level and mainly on the hydroxyl groups density presents
in the silica surface which are available for promoting the PEG linkage by hydrogen
bonds. This variation can be also explained by the functionality of the silica surface as
function of the pH value (SiOH2+, SiOH and SiO-). As the neutralization rate increases,
the SiOH2+ diminishes, being almost despicable at slightly basic pH, forming SiOH,
which is further transformed to SiO-. This high density of SiO- groups on the silica surface
causes a negative influence on the amount of SiOH groups available for the uptake of
PEG due to the formation of hydrogen bonds between them [34]. This behaviour allows
to explain the minimum PEGn.a-SiO2/SiO2 value of 1.7 g/g obtained for the ssPCM1.15.
Nevertheless, when the neutralization increases (ssPCM1.35) a maximum of PEGn.aSiO2/SiO2 (3.9) similar to that obtained at the most acidic condition is observed. This
result indicates that at this neutralization level, the presence of the alkaline catalyst breaks
down the hydrogen bonds between SiOH and SiO- groups. In this step, Na+ ions are linked
to the SiO- sites, diminishing their negative charge and hence their bonding with the SiOH
groups, allowing the uptake of additional PEG. Finally, at strong basic pH (ssPCM1.60),
SiOH groups are strongly converted into the negative SiO- ionic form, releasing the
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protons (H+) and forming water with the hydroxyl ions (OH-) from the alkaline catalyst
[34]. Thus, these observations corroborate that non-active PEG is mainly adsorbed via
high density hydrogen bonding through Si-OH and ethereal oxygen of PEG, which acts
as the hydrogen bond acceptor. It has already demonstrated the formation of this PEGSiO2 matrix and also the capability of this material to bind polar substrates through
hydrogen bonds where it behaves as a hydrogen bond acceptor [37].
Hence it is possible to say that the matrix PEGn.a-SiO2 is able to adsorb a large amount
of additional PEG reaching the saturation when this adsorbed active PEG is 2 times higher
than the PEGn.a-SiO2 mass. Nevertheless, at conditions very close to the optimal
neutralization level the PEG adsorption capacity increases sharply up to 3.4 grams of PEG
per gram of PEGn.a-SiO2. This effect indicates that a competition between SiO- and nonactive PEG per the SiOH groups of the silica happens, in which the PEG attached to the
silica by hydrogen bond is released and this active site is joined to the vicinal SiO- group.
In that way, the released PEG recovers its mobility and power thermal energy and behaves
as if it is solubilized by PEG-silica particles. Attending to these results, the PEG
adsorption process that takes place in this kind of silicones could be defined as a
multilayer adsorption constituted by a tightly adsorbed underlayer promoted by high
density hydrogen bonds between SiOH and PEG ether groups, and a loosely bound outer
layer that took place by the interaction between the active PEG and the PEGn.a-SiO2
matrix. A similar interaction between hydrophobically end-modified poly(ethylene
oxide) and silica was reported by Huang et al. [38] through the study of their adsorption
isotherm and the adsorption and desorption kinetics.
As a summary, Figure 7.10 shows a diagram of the evolution with the pH of the
different silanol species in the ssPCM (based on [34]) and their effect on water adsorption
and ssPCM composition.
By using this in-situ process was possible to synthesize ssPCMs with high melting
enthalpy and crystallization values of 113.80 and 107.20 J/g at optimal neutralization
relation of 1.15 eq.NaOH/eq.H2SO4. These results demonstrate the high influence of the
neutralization process on the thermal energy storage capacity of the ssPCMs synthesized
by sol-gel, attending to the variation of the silica functionality with the pH value of the
media. It is important to point out that these synthesized materials present a latent heat
similar to those values of materials commonly used for building applications 111.7 J/g
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for the paraffin/SiO2 ssPCM [2] or 95-116 J/g for thermoregulatory microcapsules [39].
Additionally, they have the advantages of being able to be handled as liquid at warm
temperature, facilitating its uptake by porous materials such as concrete, gypsum, bricks
or sheets of wood and further controlling the condensation step, they would become solid
avoiding its leakage from the material and leading to the formation of a new high stable
composite.
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Figure 7.8. Summary diagram of the evolution of the different silanol species in the ssPCM and their effect on the ssPCM composition.
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7.2.4. Stability
a) Short-term leakage test
The leakage study (section 3.4.10) was performed by using three samples of
ssPCM1.15. All the studied materials kept the solid form after 24 h of heating, behaviour
that can be explained by the retention from the silica-PEG network formed by hydrogen
bonds, loosing only an average of 1.2 wt% of their mass after this time of study. This
value is much lower than those reported in the literature for others ssPCMs
(PEG/graphene oxide) by physical blending method (6.4 wt%) [40], proving the
improvement in the stability of ssPCM achieved when the supporting matrix is in-situ
formed. The aspect of the ssPCM after the leakage test is shown in Figure 7.11.

Figure 7.9. Appearance of the ssPCM1.15 after 24 hours at 60 ºC.

b) Long-term leakage test
The lifetime of the ssPCM could diminish due to the leakage of the PCM with time, in
that way the study of long-term stability is necessary. Figure 7.12 shows the ssPCM1.15
before and after 100 heating-cooling thermal cycles. As can be seen, although the ssPCM
does not loss its shape it has a slight leakage, losing the 12 wt% of its mass after the test.
It can therefore be concluded that the long-term stability of the ssPCM makes this
composite not sufficiently suitable to be applied as an additional layer in buildings
without assistance. However, the maintenance of the shape with the liquid-solid
transition cycles allows its incorporation into porous building elements which could act
as an auxiliary stabilizer. In that way the reliability of this material is going to be studied.

209

Chapter 7

A)

B)

Figure 7.10. Appearance of the ssPCM1.15 after 100 heating-cooling cycles.

c) Thermal reliability.
Thermal reliability is an essential attribute for the utilization of the ssPCM in building
applications. The composite should exhibit negligible changes in its thermal properties
after a large number of melting and cooling cycles. This characteristic was studied with
the DSC equipment, subjecting different samples of ssPCM1.15 to 1, 5th, 10th, 50th or 100th
heating-cooling cycles, respectively. DSC curves are shown in Figure 7.13. A slight
shifting of the melting and crystallization temperatures took place from 0 to 5th cycles as
results of an internal redistribution of the PEG into the ssPCM. Nevertheless, ssPCM
presented similar DSC curves after 10th heating-cooling cycles, without exhibiting any
displacement in the phase change temperature but with a small detriment of its latent heat
with the number of operating cycles which can be negligible, indicating that the
adsorption of the active PEG by the PEG-SiO2 matrix is entirely stable after this operating
condition.
Therefore, it is possible to ensure that the ssPCM1.15 has an appropriate range of
operative temperatures, an easy handling, a high latent heat and a proper thermal
reliability that encourage its use for building applications.
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Figure 7.11. DSC curves for pure PEG1000, ssPCM1.15 and their 100th cycle of heatingcooling.

7.3.Conclusions
Shape-stabilized phase change materials (ssPCMs) containing PEG1000 were
synthetized producing in-situ the SiO2 inorganic matrix using the sol-gel method.
Different molar relationships H2O:EtOH:H2SO4:TEOS were studied, finding that high
water:TEOS and EtOH:TEOS molar ratios promoted the depolymerization and decreased
the ssPCM stability. In that way, a sol with a molar ratio of 2:0.34:0.021:0.50:1 for
H2O:EtOH:H2SO4:PEG1000:TEOS and an equivalent ratio NaOH/H2SO4 of 1.15 for
promoting the gel step were found as the most suitable molar and equivalent relations,
respectively, for developing the ssPCM.
The gelation process was accelerated by the neutralization of the acid catalyst using
different quantities of NaOH. This alkaline catalyst allowed to reduce the gelation time
for transforming the sol to a structure entirely solid from days to practically few seconds.
The control of the gelation time would allow the incorporation of the ssPCM into porous
building materials promoted by the lower viscosity of the sol compared with that of pure
PEG. The neutralization step changed the functional groups distribution of SiO2 surface
from positive (SiOH2+) to neutral (SiOH) or negative (SiO-) charges according to the
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solid-liquid equilibriums of silanol species as pH function. It was found that this
functionality strongly affected the water content, the thermal stability and the amount of
active PEG in the ssPCMs.
FTIR, XRD and DSC analyses allowed to confirm that the PEG in ssPCMs obtained
by sol-gel method worked in two ways. It led to a stable PEGn.a-SiO2 matrix by means of
high-density hydrogen bonds formed between silanol groups and the ether oxygen atoms.
Solvent extraction method using ethanol demonstrated that PEG attached to the SiOH
groups was strongly adsorbed onto the SiO2, remaining in the solid framework as it was
confirmed by TGA, but the DSC analysis showed that this material does not exhibit any
latent heat. On the other hand, it was found that this PEGn.a-SiO2 matrix was able to retain
a large amount of PEG in a multilayer adsorption and it kept its latent heat (PEGactive).
Then, two different interactions took place in this process, leading to different
PEGn.a/SiO2 and PEGactive/ PEGn.a-SiO2 saturations.
The neutralization level presented a big influence on the amount of PEGactive and
PEGn.a -SiO2 obtaining a maximum PEGactive and a minimum PEGn.a.-SiO2 for the
ssPCM1.15. This optimal condition was obtained by the competition between SiO- and
ether PEG groups by the vicinal SiOH for forming the hydrogen bonds. In that way,
hydrogen bonds into the PEGn.a.-SiO2 matrix were broken and the released PEG recovered
its crystallization ability. A ssPCM with a high latent heat (113.8 J/g) similar to those
reported in literature for building applications and containing up to 75.3 wt% of the
compound acting as PCM was developed.
Finally, although the long-term stability of the ssPCM makes this composite not
sufficiently suitable to be applied as an additional layer in buildings without assistance,
its proper thermal reliability after 100 heating-cooling thermal cycles and its liquid-solid
form control allow its use in buildings when it is incorporated into porous elements which
could act as an auxiliary stabilizer.
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DEVELOPMENT OF FORM-

STABLE PCMs BASED ON BRICKS
BY INCORPORATING ssPCMs

Based on the article:
Angel Serrano, Anselmo Acosta, Isabel Iglesias, Juan F. Rodríguez, Manuel Carmona,
Improving the thermal behaviour of bricks by incorporating shape stabilized phase
change materials. IOP Conf. Series: Materials Science and Engineering 251 IOP Conf.
Series: Materials Science and Engineering 2017, 251.

Development of form-stable PCMs based on bricks by incorporating ssPCMs
Abstract
The addition of ssPCMs in ceramic elements having large porosity has been carried
out. In that way, a novel form-stable PCM based on bricks was developed. In order to
study the incorporation of the thermoregulatory material in the composites, bricks with
different porosities have been manufactured. The added ssPCM, synthetized and
discussed in the previous chapter, is based on PEG as heat storage material and SiO2 as
stabilizer compound. The initial sol (liquid) can be further turned into gel (solid) by
neutralization procedures. Therefore, the ssPCM in its liquid form is adsorbed inside the
porous brick by capillary action and it is further stabilized by controlling its gelation time,
obtaining the new form-stable PCM. Different composites containing between 15 to 110
wt% of ssPCM respect to the initial dried mass of brick have been obtained, testing the
viability of both techniques, immersion and vacuum impregnation. The effect of the
ssPCM addition on the brick density was studied, as well as their maximum adsorption
capacity. The effective diffusion coefficient (Deff) of the obtained composites was
estimated by means of the Fick´s second law and the orthogonal method as strategy for
solving the problem, obtaining a good fit between experimental and theoretical data. The
relationship between Deff and the porosity () was also analysed, being possible to obtain
only one global diffusion coefficient (DAB) to predict Deff as function of  for porosities
below 0.7. Besides, all the samples exhibited a high long-term thermal stability influenced
by the additional stabilizer effect of the ceramic matrix and improved thermal properties
that make these composites suitable for being used in passive buildings.
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8.1.Background
Bricks are ones of the oldest and most used building material along the history,
attending to their insulating and refractory characteristics [1]. Nevertheless, there is a lack
of studies for improving their thermal storage capacity. To date, one of the current
approaches is focused on the use of PCMs filling the voids of hollow bricks [2]. In 2011,
Zhang et al. [3] numerically evaluated the thermal behaviour of a hollow brick filled with
inorganic PCM (mixture of Mn(NO3)3·6H2O and MnCl2·4H2O). In the same way, Silva
et al. [4] in 2012 developed and studied the incorporation of steel macrocapsules with
PCM into hollow clay bricks typical from Portugal. The chosen PCM was RT18, with a
melting point of 18 ºC. In both studies the results showed a smoothing change in the
indoor space temperature by incorporating PCMs. In the same vein, Catell et al., 2009
[5], tested the use of macroencapsulated RT27 and SP-25 A8 in conventional and alveolar
bricks in Mediterranean weather (Puigverd de Lleida). They found a reduction of 15% in
the energy consumption of a heat pump for keeping a constant indoor temperature of 24
ºC. Along these inquires, the optimal location of the PCM-brick composite was
theoretically evaluated by Haghshenaskashani et al. [6], who determined that the
maximum efficiency of hollow bricks filled with PCM is achieved when the composite is
located near the outdoor face. Although the use of alveolar bricks is promising, the loss
of lightness (main characteristic of this kind of building material) and the use of
complementary elements to avoid the leakage of the PCM, which increase the cost of the
material, could limit their implementation in some edifices.
The second common method to combine PCMs with bricks is based on the use of
additional layers onto the outer brick face of the walls or as middle layer, mainly by means
of shape-stabilized phase change materials (ssPCMs) [7]. The application of ssPCMs as
supplementary layer with different building elements is widely studied [8-10]. Regarding
bricks, Zhou et al. [11], numerically studied the combination of an inner layer of ssPCM
with night ventilation. This additional coating was supposed to be formed by the
dispersion of PCM in high-density polyethylene (HDPE). Their results indicated that the
use of both systems, PCM and night ventilation, could save 76% of cooling energy
consumption. Despite the achieved improvements, the use of additional layers increases
the wall thickness, and it could bring negative consequences like too high airtightness,
over-heating, poor ventilation and loss of space [12].
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With these premises, the use of facing bricks containing PCMs applied in the façade
of buildings is an alternative option to enhance their energy efficiency. Due to the brickfiring process, the PCM must be added once the bricks are completely manufactured. The
small pore size of the facing bricks requires the addition of the PCM in liquid state, by
immersion or vacuum impregnation techniques. The immersion method is accomplished
by the submersion of porous building elements (concrete, gypsum panels, wood, porous
aggregates, etc.) in molten PCM, which is absorbed by capillary action. The PCM remains
in the pores of the building material when it solidifies [13]. Furthermore, the vacuum
impregnation promotes the evacuation of air from the material pores using a vacuum
pump. The porous aggregates are put to soak in a liquid PCM under vacuum conditions
[14].
The materials produced by these techniques are known as form-stable PCMs. Although
the terms form-stable and shape-stabilized appear interchangeably in the literature they
are related with different compounds. In contrast to ssPCMs, the production of formstable PCMs does not required the melting or blending of the supporting material [15].
The development of form-stable PCMs is still under-researched, and the few reported
studies in this topic were carried out using powder as supporting matrix instead of
building blocks. Silica fume (particle size<0.1 m) [16], diatomite or expanded perlite
(particle size <150 m) [17-19], expanded graphite (particle size between 50-500 m)
and gypsum or cement (particle size <150 mm) [20] are some of the supporting matrices
actually studied.
The use of facing bricks macroporous building materials could be affected by the
leakage of the common PCM from the brick when it is in liquid phase. In order to solve
these problems, the previously developed ssPCM is proposed to be incorporated in bricks
(Chapter 7), obtaining a new form-stable composite.
In this chapter, the initial sol (liquid mixture), can be turned into gel (solid) by sol-gel
method, controlling the pH value of the medium as was described in the previous chapter.
By vacuum impregnation or immersion the ssPCM can be incorporated into the porous
ceramic material in its liquid state, before being solidified. Once the compound has
flowed throughout the pores of the brick by capillary action, it is stabilized by controlling
its gelation time, obtaining the new form-stable PCM.
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The incorporation of ssPCM has been carried out using bricks with different porosities
as the carrier matrix, testing the viability of both techniques, immersion and vacuum
impregnation. The effect of the ssPCM addition on the brick, as well as the maximum
adsorption capacity depending on the brick porosity were studied. The effective diffusion
coefficient of the obtained composites was estimated by means of the Fick´s second law,
using the orthogonal method as strategy for solving the problem. The effect of the porosity
on this coefficient was also analysed. Finally, the thermal stability of the composites and
their thermal behaviour were examined.
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8.2.Results and discussion
8.2.1. Bricks and porosity
Common clays from Santa Cruz de Mudela, traditionally used for the industrial
production of bricks and roof tiles, has been used for the brick production. To control the
brick porosity various percentages of biomass from the wood industry were inserted in
the initial mixture with clay, resulting in a homogenous paste. This paste was moulded
and baked at 940 ºC, obtaining bricks with a porosity related with the quantity of added
biomass [21]- Table 8.1 shows the final porosity () of the bricks and the amount of
biomass employed for making them, obtained according to the section 3.4.5.
Table 8.1. Content of biomass for each type of brick and their final porosity.

Sample

Biomass (wt%)



A

0

0.440

B

10

0.603

C

15

0.673

D

20

0.735

E

25

0.769

8.2.2. Rheology
The adsorption of a liquid by a porous matrix is promoted by the fluidity of the
compound through the supporting material. In that way, the viscosity of the liquid
compound plays a crucial role in their incorporation into the matrix by capillary forces.
Figure 8.1 shows the evolution of the sol viscosity with time.
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Figure 8.1. Evolution of the sol viscosity with time.

As can be observed, the viscosity of the sol shows the typical exponential growth with
time presented by sol-gel products. This growth is due to the internal condensation that
take places between the polymers formed during the first step of the sol-gel process,
finishing when they form a rigid gel structure, moment known as gelation time [22].
However, the acidity of the sol promoted by the presence of sulphuric acid makes the
condensation step slowing down, since this reaction depends on the pH medium. The
derivative with respect to the time of the viscosity growth expression (Eq. 8.1) provides
information on the rate of change of viscosity with time.
𝑑μ
= A · B · eB·t
𝑑𝑡

(8.1

In that way, according to Figure 8.1, the viscosity change is negligible until 50 hours
after its synthesis, having the sol the same rheological behaviour during that time. The
final gelation time is higher than 200 hours. Therefore, as was showed in the previous
chapter, by changing the pH of the medium the gelation time can be controlled (Figure
7.7), since it has an inverse dependence with the reaction rate of the condensation step
[23]. The control of the sol gelation time and the long period with constant rheological
properties allow its incorporation into different porous materials. The sol could be
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adsorbed by the porous slabs (concrete, gypsum, bricks, wood…) and further gelled in
their inner structure. Besides, the infiltration of the young sol into the porous material is
favoured by its lower initial viscosity respect to pure PEG1000, 0.06 Pa·s instead of 0.18
Pa·s, respectively, both measured at 50ºC (section 3.4.9).
8.2.3. Immersion vs vacuum impregnation
Two of the simplest methods for the incorporation of PCMs in porous structures are
immersion and vacuum impregnation. To evaluate their performance for the ssPCM
addition the D type brick was selected for being immersed in the sol mixture using both
techniques, keeping a vacuum condition during the whole process in the last case. The
samples were removed after 72 hours of soaking and smeared with a NaOH solution to
stabilize the ssPCM inside the bricks, repeating the process three times for each technique.
Table 8.2 summarizes the percentage of ssPCM adsorbed per unit of mass of dried brick.
Table 8.2. Adsorption capacity of D brick for the incorporation of ssPCM by immersion and
vacuum impregnation.

gssPCM/gdried brick·100
Experiment

Immersion

Vacuum Impregnation

1

85

83.6

2

84.2

82.8

3

82.9

84.2

Average

84.0

83.5

As can be observed, the quantity of adsorbed ssPCM is identical for each technique,
not being appreciable any improvement when an additional mechanical mechanism
(vacuum pump), spending high amount of energy was used. Hence the selection of the
adsorption procedure is based on simplicity and low-cost criteria. In that way the
immersion technique was the chosen method for accomplishing the adsorption of
previous ssPCM in the porous bricks.
8.2.4. Adsorption capacity
The maximum adsorption capacity (Ce) of the bricks by immersion technique was
studied. It was found that an equilibrium time of 72 h was enough long to allow the least
porous brick to be filled with the sol without a significant change in the sol viscosity.
Figure 8.2 displays the maximum adsorption capacity of the bricks as a function of the
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porosity. As expected, the higher the porosity, the higher the adsorption capacity of the
material. The equilibrium data can be fitted using different functions that relate Ce with
the  , being the curve perfectly fitted by an exponential function. The obtained
equation can be used to predict the maximum amount of ssPCM that the brick is able to
adsorb according to its porosity, or for optimization tasks to calculate the required
porosity of a tailored brick. It should be noted that the brick with the highest porosity can
adsorb more than 110% of its dried mass.
120
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Figure 8.2. Maximum adsorption capacity for each porosity.

8.2.5. Bulk density
Figure 8.3 presents the evolution of the bulk density (bulk) with the amount of
incorporated ssPCM for the obtained composites. To obtain the different ssPCM
additions, composites were taken out from the immersion bath at different times. As is
evident from the results, the higher the ssPCM content, the higher the density of the
composite, following a linear trend. These increments in the density is consequence of
the replacement of air by ssPCM after the immersion process. In no case the density of
the composites containing the maximum amount of PCM exceeds the density of the
standard facing brick with no special treatment for increasing its porosity (brick type A).
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Figure 8.3. Bulk density of the composites as a function of the ssPCM content.

8.2.6. SEM analysis
Figure 8.4 exposes the SEM images at different magnifications of the inner structure
of a D brick before and after the described immersion process.
The typical shape of the inner structure of a brick can be seen on the left picture, whose
elemental composition was analysed by EDAX. O, Si, Ca, Fe, Al, Mg and K were their
main elements present in the structure, ordered according with their amount in the brick.
This composition is attributed to minerals such as dolomite, calcite, quartz and feldspars,
as well as clay minerals like illite or kaolinite, which are normally present in the bricks
performed with the current type of clays [25]. On the right picture the ssPCM can be seen
highlighted in yellow. As is evident from the picture, the ssPCM is perfectly integrated
in the internal structure of the brick, filling its pores and fissures and adopting the shape
of its inner framework. In this case, the EDAX showed that the most common compound
on the inner surface of the composite was carbon (C), followed by O, Si, Al, Ca, Fe, Mg
and K. The emergence of C, and its high presence together with O confirms the
distribution of the ssPCM in the whole composite.
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Figure 8.4. SEM images of D brick inner structure before (left) and after (right) the
immersion process at different magnifications.

8.2.7. Diffusion coefficients
a) Problem definition
To study the diffusion process of the ssPCM inside the porous bricks, the amount of
total accumulated compound was measured over time. Figure 8.5 shows the scheme of
the brick under discussion, with 2xo, 2yo and 2zo as dimensions. Only one quadrant of the
brick (highlighted in blue, Figure 8.5) is necessary to solve considering its symmetry and
that the whole slab is immersed into the sol, in other words, that the concentration of the
compound is the same in each external slab face.
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2yo
2zo
2xo
Figure 8.5. Scheme of the considered brick for the diffusion study.

For the problem resolution some assumptions have been taken into consideration: a)
homogeneous distribution of the pores and their size through the whole brick; b) the sol
viscosity remains constant until its complete adsorption. This last assumption is
corroborated by the Figure 8.1, where the viscosity is observed with no significant
changes for times shorter than 50 h, that sets the limit time for the simulation in 180000
s.
Fick's second law (Eq. 8.2) can be frequently applied for the diffusion through solids
when the diffusivity is independent of the concentration, without neither convection flux
nor chemical reaction [26].

𝑁𝐴 =

𝜕𝐶𝐴
𝜕 2 𝐶𝐴 𝜕 2 𝐶𝐴 𝜕 2 𝐶𝐴
= 𝐷𝑒𝑓𝑓 · ( 2 +
+
)
𝜕𝑡
𝜕𝑥
𝜕𝑦 2
𝜕𝑧 2

(8.2

Where NA is the diffusion speed of the compound A through the matrix per unit cross
section, Deff is the effective diffusivity of A through the solid and CA is the concentration
of the compound A.
The following dimensionless variables based on the maximum adsorption capacity and
dimensions of the bricks can be defined in order to normalize the problem in the range
from 0 to 1, turning Eq.8.2 into Eq.8.4.
𝐶𝐴
𝐶𝑒

𝑥

𝑦

𝑧

= 𝐶; 𝑥 = 𝑋; 𝑦 = 𝑌; 𝑍 = 𝑍
𝑜

𝑜

𝑜

𝜕𝐶
1 𝜕 2𝐶 1 𝜕 2𝐶 1 𝜕 2𝐶
= 𝐷𝑒𝑓𝑓 · ( 2 ·
+
·
+ ·
)
𝜕𝑡
𝑥𝑜 𝜕𝑋 2 𝑦𝑜2 𝜕𝑌 2 𝑧𝑜2 𝜕𝑍 2

(8.3
(8.4
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b) Orthogonal collocation method
Orthogonal collocation method can be used to solve the above partial differential
equation since this method is applied for problems whose solutions are regular and with
absence of sharp changes. In the orthogonal collocation method, the exact solution is
estimated through a trial function, 𝑌̃𝑛 . In that way, the solution is represented as a
polynomial, P(x), with unknown coefficients, b, which are determined at certain points
where the trial function satisfies the process equation (Fick´s second law in this case), as
well as the boundary and initial conditions (Eq. 8.5) [27]. The selected points,
denominated as collocation points, minimize the estimation error.
𝑛

𝑡𝑟𝑖𝑎𝑙 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = 𝑌̃𝑛 = 𝑌𝑜 + ∑ 𝑏𝑖 · 𝑃𝑖 (𝑥)

(8.5

𝑖=1

For problems with symmetry, as the current case, the number of unknowns is reduced
by expanding the solution as a function of x2 rather than x (Eq. 8.6).
𝑛−1

𝑌̃𝑛 = 𝑌(1) + (1 − 𝑥 ) ∑ 𝑏𝑖 · 𝑃𝑖 (𝑥 2 )
2

(8.6

𝑖=0

where n is the number of interior collocation points, which are the roots to Pn(x2) = 0.
Some of the most typical roots for different number of collocation points and polynomials
were listed by Finlayson (1972) [28].
The first derivative of the trial function evaluated in each collocation point can be
expressed as Eq. 8.7.
𝑛+1

𝑑𝑌̃𝑛
| = ∑ 𝐴𝑗,𝑖 · 𝑌̃𝑛 𝑖 ; 𝑗 = 1, … , 𝑛
𝑑𝑥 𝑥
𝑗

(8.7

𝑖=1

where A is a matrix of real coefficients with n+1 dimension obtained from the
collocation points.
The second derivative of the trial function depends on the coordinate system and
considering the rectangular geometry of the addressed problem it can be written as Eq.
8.8 shows.
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𝑥1−𝑎

𝑑
𝑑𝑌̃𝑛
𝑑2 𝑌̃𝑛
(𝑥 𝑎−1
)=
; 𝑓𝑜𝑟 𝑎 = 1 (𝑝𝑙𝑎𝑛𝑎𝑟 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦)
𝑑𝑥
𝑑𝑥
𝑑𝑥 2

(8.8

Taking into account the Eq. 8.6 and Eq. 8.8, deriving and evaluating in each
collocation point, the above equation can be expressed as:
𝑛+1

𝑑2 𝑌̃𝑛
| = ∑ 𝐵𝑗,𝑖 · 𝑌̃𝑛 𝑖 ; 𝑗 = 1, … , 𝑛
𝑑𝑥 2 𝑥
𝑗

(8.9

𝑖=1

where B, as A, is a matrix of real coefficients obtained from the collocation points.
For an unsteady-state problem, as the current case, with the commented boundary
conditions, the expression is solved at any time t, 𝑌̃𝑛 𝑖 (𝑡) = 𝑌̃𝑛 (𝑥𝑖 , 𝑡) and at any collocation
point xj [29]. Finally, using Rosenbrock method as standard technique the differential
equations are numerically integrated.
For three-dimensional problems we just apply the orthogonal method for each separate
dimension with the respective boundary conditions.
c) Solution
Therefore, the diffusion of the sol (A) through the brick expressed by the partial
differential equation Eq. 8.4 can be transformed into a set of (N*N*N) total differential
ordinary equations as it is shown in Eq.8.10, being Deff the unique unknown parameter.
𝑛+1
𝑛+1
𝑛+1
𝑖 = 1, … 𝑛
𝜕𝐶𝑖,𝑘,𝑙
1
1
1
= 𝐷𝑒𝑓𝑓 · ( 2 · ∑ 𝐵𝑖,𝑗 𝐶𝑗,𝑘,𝑙 + 2 · ∑ 𝐵𝑘,𝑗 𝐶𝑖,𝑗,𝑙 + 2 · ∑ 𝐵𝑙,𝑗 𝐶𝑖,𝑘,𝑗 ) {𝑘 = 1, … 𝑛
𝜕𝑡
𝑥𝑜
𝑦𝑜
𝑧𝑜
𝑙 = 1, … 𝑛
𝑗=1

𝑗=1

𝑗=1

(8.10

For the resolution of the above problem 3 internal collocation points were chosen
(n=3) for reducing the computation time, also because 3 nodes can be used in a suitable
way for symmetry problems. The distribution of some of the collocation points in the
selected quadrant of the brick is represented in Figure 8.6 coloured in green, whereas the
boundary layer, n+1, is represented in red colour. Table 8.3 shows the value of A and B
matrix related with the 3 collocation points for planar geometry and the considered
polynomial, which can be found using the algorithm described by Villadsen and Stewart
[30].
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Figure 8.6. Distribution of some of the N internal collocation points and N+1 boundary
nodes.
Table 8.3. Matrices for orthogonal collocation in planar geometry and P(x2).

xi

Aij

Bij

0.209

-2.389 3.514 -1.740 0.616

-8.108

9.603

0.592

-1.503 -0.845 3.344 -0.996

11.612 -27.295

19.310 -3.626

0.872

0.818 -3.674 -0.574 3.430

-3.982

-77.097 49.818

1.0

-1.488 5.628 -17.640 13.50

-35.433 122.936 -200.00 112.500

31.261

-2.034

0.539

For this system the symmetry is given by:
𝐶(𝑋, 𝑌, 𝑍) = 𝐶(−𝑋, 𝑌, 𝑍) = 𝐶(𝑋, −𝑌, 𝑍) = 𝐶(𝑋, 𝑌, −𝑍)
With the following boundary and initial conditions:
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𝜕𝐶
|
= 0; 𝑎𝑙𝑙 𝑌, 𝑍
𝜕𝑋 𝑋=0
𝜕𝐶
𝑆𝑦𝑚𝑚𝑒𝑡𝑟𝑦
|
= 0; 𝑎𝑙𝑙 𝑋, 𝑍
𝜕𝑌 𝑌=0
𝜕𝐶
|
= 0; 𝑎𝑙𝑙 𝑋, 𝑌
{𝜕𝑍 𝑍=0

(8.12

The first derivative of the concentration is equal to zero:
𝑛+1

𝑛+1

𝑛+1

𝑖 = 1, … 𝑛
(∑ 𝐴𝑖,𝑗 𝐶𝑗,𝑘,𝑙 = ∑ 𝐴𝑘,𝑗 𝐶𝑖,𝑗,𝑙 = ∑ 𝐴𝑙,𝑗 𝐶𝑖,𝑘,𝑗 = 0) {𝑘 = 1, … 𝑛
𝑙 = 1, … 𝑛
𝑗=1
𝑗=1
𝑗=1

(8.13

𝐶 = 0 𝑓𝑜𝑟 𝑡 = 0

(8.14

With the described equations, initial and boundary conditions and assuming a value
for the unknown parameter Deff, the concentration (Ci,k,l) of the sol in the brick in a scale
from 0 to 1 can be calculated for each collocation point at different times, where 1
corresponds with the maximum adsorption capacity of the composite under consideration.
As previously commented, the Rosenbrock method was used to numerically integrate the
set of ordinary differential equations due to the few steps of integration required to
achieve the solution [31]. Once all the Ci,k,l values are obtained, the average theoretical
value of sol concentration charged by the brick (𝐶̅ ) is calculated by means of the Eq. 8.15
at each time (i1).
1

̅̅̅̅
𝐶𝑖1 =

∭0 𝐶𝑖,𝑘,𝑙 𝑑𝑋𝑑𝑌𝑑𝑍
1

∭0 𝑑𝑋𝑑𝑌𝑑𝑍

(8.15

In order to theoretically predict the value of the average concentration at each time
̅̅̅̅
(𝐶
𝑖1 ) it is necessary to find the proper unknown parameter Deff for each kind of brick that
̅̅̅̅̅̅̅̅̅
̅̅̅̅
perfect fit between the experimental (𝐶
exp(𝑖1) ) and the theoretical values (𝐶𝑖1 )). To this
purpose, Marquardt’s algorithm was used [32]. This method can be summarized by Eq.
8.16.
̅̅̅̅̅̅̅̅
̅̅̅̅̅ 𝑇 ̅̅̅̅̅̅̅̅ ̅̅̅̅̅
Φ = (𝐶
exp(𝑖) − 𝐶(𝑖) ) (𝐶exp(𝑖) − 𝐶(𝑖) )

(8.16

where  is the weighted sum of squared residuals and i is a counter from 1 to the number
of experimental data, and T is the transpose of the residual array.
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A Visual Basic application was developed for solving this model.
d) Discussion
Figure 8.7 shows the experimental data of the percentage of ssPCM adsorbed per unit
of mass of dried brick, as well as the simulated results.
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Figure 8.7. Comparison of the experimental and modelled values of de adsorption of the
bricks having different porosities.

According to Figure 8.7, a good agreement was obtained between the experimental
and the proposed theoretical model. Besides, it is clear from the slope of the adsorption
profiles that the higher the brick porosity the faster the adsorption of the sol by the brick.
The obtained values of the fitting parameter (Deff) with their corresponding confidence
intervals, using a confidential level of 95% (= 0.05) are gathered in Table 8.4. As
expected, bricks with the faster sol adsorption present the higher Deff values.
Table 8.4. Effective diffusion coefficients of the ssPCM for each type of brick (95 per cent
confidence interval).
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Sample

Deff (m2/s)

A

6.086·10-9 ± 2.343·10-9

B

1.030·10-8 ± 4.314·10-9

C

1.109·10-8 ± 5.165·10-9
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D

2.887·10-8 ± 8.359·10-9

E

5.609·10-8 ± 2.202·10-8

Once the proper Deff coefficients have been estimated, the concentration (Ci,k,l)
distribution of the sol in the brick in a scale from 0 to 1 can be calculated for each
collocation point at different times. As an example, Figure 8.8 displays the sol distribution
on the XZ plane for the bricks type A and E at some representative times. As shown in
this figure, whereas in composite A predominates a sol concentration distribution lower
than 0.5 at 10000 s, the composite E needs the half of that time (5000 s) to be totally
saturated. It is evident that the sol distribution profiles decrease from the surface of the
composites to their centre, being this point the latest to be filled. In that way, in order to
compare the filled of the different porous bricks the concentration evolution of the centre
(C0,0,0) with time is displayed in Figure 8.9. From this figure, a delay in the filled of the
centre with the decrease of the porosity is appreciable. Whereas the charge of A brick (the
least porous matrix) starts at 3000 s, the most porous brick, E, starts at 300 s. Moreover,
once the charge of the sol has begun, the slope of the concentration profile increases with
the porosity. It can be observed that D and E bricks are able to have their centre saturated
below 20000 s, time when A brick has achieved only the 40% of its maximum adsorption
capacity. B and C bricks show similar C0,0,0 due to their similar effective diffusion
coefficient.
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Figure 8.8. Distribution of the sol concentration through the bricks A and E on the XZ axis.
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Figure 8.9. C0,0,0 profile for the studied porous bricks.

It can be concluded that the proposed model fits perfectly the experimental data. This
way, knowing the optimal or required amount of PCM into the brick with a specific
porosity the model allow us to calculate the needed immersion time to achieve the target.
e) Influence of porosity on Deff
The Deff, calculated for a porous media, can be expressed in terms of diffusion
coefficient in absence of a porous medium, DAB (Eq. 8.17).
𝐷𝑒𝑓𝑓 = 𝑄 · 𝐷𝐴𝐵

(8.17

Where Q is the diffusibility of the porous medium that has been related for various
authors mainly to the porosity. Among the different expressions reported for Q, Table 8.5
summarizes some of the theoretical equations used for sphere packings in the whole
porosity range [33].
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Table 8.5. Some theoretical diffusibilities for sphere packings.

Author

Dependence of Q on 

Maxwell, Rayleigh

2𝜀/(3 − 𝜀)

Bruggeman

𝜀 3/2

Weissberg

1
𝜀/(1 − 𝑙𝑛𝜀)
2

On the other hand, Van Brakel et al. [33] were the first authors who claimed that Q
depends not only on , but also on another two physical parameters, tortuosity () and
constrictivity () (Eq. 8.18).

𝑄=

𝜀𝛿
𝜏2

(8.18

Tortuosity is a parameter that describes the path taken by the liquid (sol) through the
porous medium (brick), relative to a direct route. The equation used for tortuosity, which
is represented in Figure 8.10, is given by Le/L, where Le is the length of a flow channel
for the sol, and L is the straight line length between the ends of the flow path. This
parameter can take values between 1 and √3. Nakarai et al [34]. proposed an equation
that expresses the relationship between tortuosity factor and porosity (Eq. 8.19).
𝜏 = −1.5 · tanh(8 · (𝜀 − 0.25)) + 2.5

Figure 8.10. Approach of the tortuosity parameter [35].
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Constrictivity (Figure 8.11) is a dimensionless parameter with values between 0
(trapped pores) and 1 (cylindrical pores with constant radius). It contributes to a transport
resistance, which is inverse proportional to the width of the bottlenecks [36].

Figure 8.11. Scheme representations of constructivity [36].

Considering the expressions featured on Table 8.5 for the diffusibility as well as Eq.
8.18, only one DAB was calculated for each case in order to obtain the minimum
accumulated error in the Deff calculation. For Van Brakel expression, Eq. 8.19 was used
to calculate τ as function of ε, and δ was estimated together with DAB to fit the Deff values
calculated previously.
Figure 8.12 depicts the Deff values obtained with the proposed model and the results
obtained when only a DAB parameter is used to estimate Deff as function of the porosity.
It is plain to see that, the higher the porosity the higher the Deff, being this increment
more abrupt for porosities larger than 0.7. It can be observed that, both the theoretical
expressions for diffusibility and the one based on constructivity and tortuosity have a
similar trend. All the Deff values obtained when just one DAB parameter is fixed fit
perfectly with the Deff coefficients obtained with Fick's second law, in the range from 0.4
to 0.7 of porosities. However, for larger porosities the Deff values cannot be predicted by
means of a DAB parameter, probably due to the change in the porous sizes, turning from
meso- and micro-porous to macroporous.
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Figure 8.12. Deff coefficients as a function of  and their comparison to the obtained ones
from the theoretical expressions displayed in Table 8.5

Table 8.6 shows the DAB values obtained for the theoretical expressions of the
diffusibility and the Deff coefficient errors when they are compared with the ones obtained
by the Fick´s second Law.
Table 8.6. DAB (m2/s) values obtained for the different theoretical approximations of the
diffusibility and their error.

Maxwell, Rayleigh

Sample

ΔDeff (%)

2

Bruggeman

Weissberg

DAB=1.92·10 (m /s) DAB=2.09·10 (m /s) DAB=1.88·10-8 (m2/s)
-8

-8

ΔDeff (%)

2

ΔDeff (%)

A

8.35

0.00

1.24

B

-6.29

-5.20

-7.70

C

0.00

3.75

0.00

D

-56.87

-54.48

-56.41

E

-76.42

-74.93

-76.06

It can be notice from Table 8.6 that all the DAB coefficients are quite similar, with a
maximum different between the values of 10%. Moreover, as commented previously, the
error in the Deff estimation is negligible for porosities lower than 0.7, however for D and
E composites the expressions of diffusibility underestimate the real Deff values.
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Table 8.7 summarize the results obtained when ,  and  are used to estimate Deff. In
this case  was obtained from  with Eq. 8.19, and  was solved together with DAB in order
to obtain the minimum error in Deff. The limits for  (−) and  (−√3)values were
considered.
Table 8.7. DAB,  and  values obtained from Eq.8.18 and the error of Deff inside of its
application limits.

Van Brakel
DAB=2.20·10-8 (m2/s)
Sample





ΔDeff (%)

A

1.137

0.813

0.00

B

1.011

0.794

0.00

C

1.003

0.755

0.00

D

1.001

0.750

-58.13

E

1.001

0.750

-77.43

As is evident from Table 8.7, DAB is in the range of the parameters previously obtained
by means of the theoretical expressions. For porosities lower than 0.7 identical values of
Deff have been possible to calculate inside the limits for  and  values. Moreover, both
values follow the reported trend with , decreasing as the porosity increases [36,37]. As
in the previous case, for larger porosities than 0.7 (D and E bricks) the predictions are far
from the true Deff values.
According to the results, only one DAB parameter can be used to predict the value of
Deff as function of the porosity for bricks having porosities between 0.4 to 0.7 by means
of the commented expressions for the diffusibility. For higher porosities the presented
expressions underestimate the value of Deff, probably due to change in the distribution of
porous size range.
8.2.8. Leakage test
The lifetime of the form-stable PCM could diminish due to the leakage of the ssPCM
over time, in that way the study of long-term stability is necessary. The leakage test was
carried out for all the composites presenting the maximum amount of adsorbed ssPCM.
In order to analyse the effect of the brick matrix and its porosity on the stabilization of
the ssPCM the results are compared with those obtained in the previous chapter for the
ssPCM stabilized with the stochiometric amount of NaOH solution (section 7.2.4).
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Figure 8.13 presents the weight loss of the obtained form-stable PCMs. Two zones can
be observed, the first one corresponds with a porosity up to 0.6 without leakage, indicating
a high stabilization of the ssPCM inside the bricks. In the second one, attending to the
high porosity of the bricks, the ssPCM leakage appears. In this case the adsorption could
start to take place in a multilayer form, without interaction between the ssPCM and the
brick. However, it should be pointed out that the leakage was not appreciable visually in
the composites, the sample with the largest leakage presents only a weight loss of 0.96
wt% after 100 thermal cycles. This value can be considered as negligible taking into
account the initial PCM content (52 wt%). Moreover, as commented in the previous
chapter the raw ssPCM (without brick) lost the 12% of its mass after 100 thermal cycles.
Therefore, it can be concluded that the bricks are acting as an additional stabilizer,
retaining the ssPCM inside themselves.
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Figure 8.13. Brick porosity effect on form-stable leakage test after 100 heating-cooling
cycles.

8.2.9. Thermal behaviour
The thermal behaviour of the form-stable PCMs was studied to evaluate the
performance of the ssPCM incorporation. Figure 8.14 shows the external surface
temperature profiles (Tup) of the composites containing different percentages of ssPCM
when they are subjected to a thermal change from 15 to 42 ºC (section 3.4.8).
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Figure 8.14. Tup of the composites containing different percentages of ssPCM.
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As can be seen, the higher the ssPCM content, the more moderated the increment of
the temperature, being lower the slope of the Tup profile at the transient state. This
buffering capacity reveals the effect of the ssPCM, which absorb the energy through its
latent heat without change of its temperature, resulting in a damping of Tup. On the other
hand, at steady state, the higher the ssPCM content the higher the Tup at the heated stage
(≈ 30 ºC) but the lower the Tup at the cooled stage (≈ 17 ºC). This behaviour could be
related with the higher density of the composites containing ssPCM, which involves a
higher thermal conductivity. However, despite the increase of the thermal conductivity,
the Tup of the composites containing the maximum amount of ssPCM remains below the
Tup of the dried brick over the transient state for 4.6, 6.2, 7.4, 6.3 and 7.4 hours for the
composites A, B, C, D and E, respectively. This time is long enough to maintain a soft
temperature for a whole operational day. In this case, in contrast to the foams, the
insulation capacity is not a requirement for facing bricks, these composites are intended
for the outer surface of the envelope (due to the higher efficiency of this location for these
kind of materials [6]) and a high thermal conductivity facilitate the fast uptake and release
of heat. Figure 8.15 depicts the comparison between the Tup of the composites saturated
with the ssPCM.
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Figure 8.15. Tup of the composites saturated of ssPCM.

A remarkable fact is that, even with a lower ssPCM content, composites B and D show
similar thermal buffering capacity to composites C and E respectively. This feature could
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be as consequence of the higher density of composites B and D compared to C and E
respectively, that promote a greater thermal mass. Thanks to the higher thermal mass the
composites have the capacity to buffer the heat reducing in that way temperature
fluctuations. Therefore, an individual study about the optimal amount of ssPCM inside of
the brick is necessary to optimize the performance and the cost of the final material. As
shown in Figure 8.15, a complete filling does not always present the best performance,
being necessary a detailed analysis of the prevailing regional climate where the building
is going to be installed.
Thermal analyses allow to calculate the thermal conductivity (k) (Eq. 3.7) and the
thermal energy storage capacity of the developed composites (Eq. 3.6). In this last
equation the accumulation heat of the samples is required, which is obtained by making
an energy balance between the inlet and outlet heat flows. Figure 8.16 plots, as an
example, the accumulation heat for a composite D containing different percentages of
ssPCM, corroborating the increase of the accumulation heat with the ssPCM content.
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Figure 8.16. Accumulated heat for composites D.

Moreover, the time during which the composite is storing energy has been also
increased, growing from 4 to 10 hours when the brick D is saturated with ssPCM. TES
capacities and k of the composites without ssPCM and saturated by them are summarized
in Table 8.8. As expected, the TES capacity grows after the ssPCM incorporation,
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moreover, the higher the brick porosity the higher the increment of TES capacity,
achieving an increase up to 338% for the composite E with respect to the empty brick E
when it is saturated by the ssPCM. Although the TES capacity is similar between the
different saturated composites the contribution of the latent heat and the specific heat
varies in each case. The value of the TES capacity for the composite A is mainly attributed
to its high thermal mass, hence the specific heat predominates. On the other hand, the
value of the TES for the composite E results mostly from the latent heat. This variation
in the kind of heat storage can be checked in the Tup profiles, where the temperature
damping effect is much higher in the composite E than in A. Regarding k, for bricks
without added ssPCM the higher the porosity the lower their thermal conductivity, due to
their lightness and larger content of air in the pores. The increment of k values by
incorporating ssPCMs can be explained by the air replacement which has a significant
lower k. This increase of k values is noticeable in the Tup profiles of the composites
showed in Figure 8.14. At the steady state, Tup of saturated composites are higher than
those presented by the empty bricks during the heating stage, and lower over the initial
cooling period.
Therefore, a range of form stable composites having improved thermal properties have
been obtained. These composites have high thermal conductivity and they are able to
store a high amount of thermal energy, resulting in a damping of indoor temperature and
hence, improving the thermal comfort of a dwelling.
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Table 8.8. TES capacities (kWh/m3) and k (W/mºC) for the saturated form-stable PCMs and
the empty bricks.

ssPCM content
TES capacity (kWh/m3)

k (W/mºC)
ΔTES (%)

Brick type

Δk (%)

Empty

Saturated

Saturated Empty

A

5.15

6.90

33.98

0.479

0.511

6.68

B

2.67

8.63

223.22

0.247

0.443

79.35

C

2.35

7.62

224.26

0.240

0.453

88.75

D

2.32

8.36

260.34

0.184

0.279

51.63

E

1.86

8.14

337.63

0.178

0.288

61.80

8.3.Conclusions
The long gelation time and low initial viscosity of the proposed ssPCM in the sol form
allowed the preparation of a new form-stable PCM. The sol is adsorbed by the brick and
further gelled in their inner structure by controlling the pH of the medium, leading to a
material of high physical and thermal stability.
The immersion technique instead of vacuum impregnation was chosen as the optimal
method to address the production of the form-stable PCM due to its simplicity and lowcost. Form-stable PCMs containing within 15 to 110 wt% of ssPCM respect to the initial
dried mass of brick have been obtained as function of the brick porosity.
The kinetic adsorption studies of ssPCM on bricks were perfectly reproduced by means
of the Fick´s second law. The numerical method strategy for solving the partial
differential equation problem allowed to obtain a good fitting between experimental and
theoretical data, founding the unique unknow Deff fitting parameter.
Tortuosity and constrictivity as additional characteristic parameters of the brick did
possible to obtain only one DAB from Deff values as function of  for porosities below 0.7.
Regarding with the leakage test, bricks are acting as an additional stabilizer, retaining
the ssPCM inside them. Hence, all developed thermoregulating composited exhibited a
high long-term thermal stability. Thermal studies indicated that it was possible to produce
thermoregulatory bricks having a large TES capacity of, 8.14 kWh/m3, which corresponds
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with an increase of 338% respect to the brick without ssPCM, with increased thermal
conductivities, that allows a faster absorption and release of the heat. Accordingly, the
time of comfort was sharply increased, being these composites able to soften the indoor
temperature for up to 7.4 h when ssPCMs were incorporated inside the ceramic materials.

248

Development of form-stable PCMs based on bricks by incorporating ssPCMs
References
1. Kreh RT (2014) Masonry Skills. Cengage Learning,
2. Alawadhi EM (2008) Thermal analysis of a building brick containing phase change
material.

Energy

and

Buildings

40

(3):351-357.

doi:https://doi.org/10.1016/j.enbuild.2007.03.001
3. Zhang C, Chen Y, Wu L, Shi M (2011) Thermal response of brick wall filled with
phase change materials (PCM) under fluctuating outdoor temperatures. Energy and
Buildings 43 (12):3514-3520. doi:https://doi.org/10.1016/j.enbuild.2011.09.028
4. Silva T, Vicente R, Soares N, Ferreira V (2012) Experimental testing and numerical
modelling of masonry wall solution with PCM incorporation: A passive construction
solution.

Energy

and

Buildings

49:235-245.

doi:https://doi.org/10.1016/j.enbuild.2012.02.010
5. Castell A, Martorell I, Medrano M, Pérez G, Cabeza LF (2010) Experimental study of
using PCM in brick constructive solutions for passive cooling. Energy and Buildings 42
(4):534-540. doi:https://doi.org/10.1016/j.enbuild.2009.10.022
6. Haghshenaskashani S, Pasdarshahri H (2009) Simulation of thermal storage phase
change material in buildings. World Acad Sci Eng Technol 58:111-115
7. Mavrigiannaki A, Ampatzi E (2016) Latent heat storage in building elements: A
systematic review on properties and contextual performance factors. Renewable and
Sustainable Energy Reviews 60:852-866. doi:https://doi.org/10.1016/j.rser.2016.01.115
8. Zhou G, Zhang Y, Lin K, Xiao W (2008) Thermal analysis of a direct-gain room with
shape-stabilized

PCM

plates.

Renewable

Energy

33

(6):1228-1236.

doi:https://doi.org/10.1016/j.renene.2007.06.024
9. Zhou G, Zhang Y, Wang X, Lin K, Xiao W (2007) An assessment of mixed type PCMgypsum and shape-stabilized PCM plates in a building for passive solar heating. Solar
Energy 81 (11):1351-1360. doi:https://doi.org/10.1016/j.solener.2007.01.014
10. Soares N, Costa JJ, Gaspar AR, Santos P (2013) Review of passive PCM latent heat
thermal energy storage systems towards buildings’ energy efficiency. Energy and
Buildings 59:82-103. doi:https://doi.org/10.1016/j.enbuild.2012.12.042

249

Chapter 8
11. Zhou G, Yang Y, Xu H (2011) Energy performance of a hybrid space-cooling system
in an office building using SSPCM thermal storage and night ventilation. Solar Energy
85 (3):477-485. doi:https://doi.org/10.1016/j.solener.2010.12.028
12. Serrano A, Borreguero AM, Garrido I, Rodríguez JF, Carmona M (2016) Reducing
heat loss through the building envelope by using polyurethane foams containing
thermoregulating

microcapsules.

Applied

Thermal

Engineering

103:226-232.

doi:https://doi.org/10.1016/j.applthermaleng.2016.04.098
13. Ling T-C, Poon C-S (2013) Use of phase change materials for thermal energy storage
in

concrete:

An

overview.

Construction

and

Building

Materials

46:55-62.

doi:https://doi.org/10.1016/j.conbuildmat.2013.04.031
14. Lee J, Wi S, Jeong S-G, Chang SJ, Kim S (2017) Development of thermal enhanced
n-octadecane/porous nano carbon-based materials using 3-step filtered vacuum
impregnation

method.

Thermochimica

Acta

655:194-201.

doi:https://doi.org/10.1016/j.tca.2017.06.013
15. Navarro L, de Gracia A, Niall D, Castell A, Browne M, McCormack SJ, Griffiths P,
Cabeza LF (2016) Thermal energy storage in building integrated thermal systems: A
review. Part 2. Integration as passive system. Renewable Energy 85:1334-1356.
doi:https://doi.org/10.1016/j.renene.2015.06.064
16. Memon SA (2014) Phase change materials integrated in building walls: A state of the
art

review.

Renewable

and

Sustainable

Energy

Reviews

31:870-906.

doi:https://doi.org/10.1016/j.rser.2013.12.042
17. Karaman S, Karaipekli A, Sarı A, Biçer A (2011) Polyethylene glycol
(PEG)/diatomite composite as a novel form-stable phase change material for thermal
energy storage. Solar Energy Materials and Solar Cells 95 (7):1647-1653.
doi:https://doi.org/10.1016/j.solmat.2011.01.022
18. Sarı A, Karaipekli A (2008) Preparation, thermal properties and thermal reliability of
capric acid/expanded perlite composite for thermal energy storage. Materials Chemistry
and Physics 109 (2):459-464. doi:https://doi.org/10.1016/j.matchemphys.2007.12.016
19. Sarı A, Karaipekli A, Alkan C (2009) Preparation, characterization and thermal
properties of lauric acid/expanded perlite as novel form-stable composite phase change

250

Development of form-stable PCMs based on bricks by incorporating ssPCMs
material.

Chemical

Engineering

Journal

155

(3):899-904.

doi:https://doi.org/10.1016/j.cej.2009.09.005
20. Karaipekli A, Sarı A (2011) Preparation and characterization of fatty acid
ester/building material composites for thermal energy storage in buildings. Energy and
Buildings 43 (8):1952-1959. doi:https://doi.org/10.1016/j.enbuild.2011.04.002
21. Iglesias I, Serrano Á, Acosta A Fabricación de un soporte cerámico poroso a partir de
arcillas y biomasa para el desarrollo de un material termorregulador. XXIV Reunión de
la Sociedad Española de Arcillas 65:57
22. Brinker CJ, Keefer KD, Schaefer DW, Ashley CS (1982) Sol-gel transition in simple
silicates.

Journal

of

Non-Crystalline

Solids

48

(1):47-64.

doi:https://doi.org/10.1016/0022-3093(82)90245-9
23. Brinker CJ (1988) Hydrolysis and condensation of silicates: Effects on structure.
Journal of Non-Crystalline Solids 100 (1):31-50. doi:https://doi.org/10.1016/00223093(88)90005-1
24. Valverde JL, de Lucas A, Carmona M, González M, Rodríguez JF (2004) Equilibrium
data of the exchange of Cu2+, Cd2+ and Zn2+ ions for H+ on the cationic exchanger
Lewatit TP‐207. Journal of Chemical Technology & Biotechnology: International
Research in Process, Environmental & Clean Technology 79 (12):1371-1375
25. Iglesias I, García-Romero E, Acosta A (2014) Influence of dolomite microcrystals on
the technological properties of Santa Cruz de Mudela clays used for building ceramics.
Applied Clay Science 102:261-267. doi:https://doi.org/10.1016/j.clay.2014.10.009
26. Treybal RE, García Rodríguez A (1988) Operaciones de transferencia de masa.
27. Soliman M, Al-Zeghayer Y, Ajbar A (2014) A modified orthogonal collocation
method for reaction diffusion problems. Brazilian Journal of Chemical Engineering 31
(4):967-975
28. Finlayson BA (2013) The method of weighted residuals and variational principles,
vol 73. SIAM,
29. Finlayson BA (1974) Orthogonal collocation in chemical reaction engineering.
Catalysis Reviews Science and Engineering 10 (1):69-138

251

Chapter 8
30. Villadsen J, Stewart W (1967) Solution of boundary-value problems by orthogonal
collocation. Chemical Engineering Science 22 (11):1483-1501
31. Press WH, Teukolsky SA, Vetterling WT, Flannery BP (1992) Numerical recipes in
FORTRAN (Cambridge. Cambridge Univ. Press,
32. Marquardt DW (1963) An algorithm for least-squares estimation of nonlinear
parameters. Journal of the society for Industrial and Applied Mathematics 11 (2):431-441
33. Van Brakel J, Heertjes P (1974) Analysis of diffusion in macroporous media in terms
of a porosity, a tortuosity and a constrictivity factor. International Journal of Heat and
Mass Transfer 17 (9):1093-1103
34. Nakarai K, Ishida T, Maekawa K (2006) Modeling of calcium leaching from cement
hydrates coupled with micro-pore formation. Journal of Advanced Concrete Technology
4 (3):395-407
35.

Streamlines.

The

monthly

newsletter

of

groundwatersoftware.com.

http://www.groundwatersoftware.com/v9_n10_tortuosity.htm. Accessed 09/09/2018
36. Holzer L, Wiedenmann D, Münch B, Keller L, Prestat M, Gasser P, Robertson I,
Grobéty B (2013) The influence of constrictivity on the effective transport properties of
porous layers in electrolysis and fuel cells. Journal of materials science 48 (7):2934-2952
37. Liu Z, Zhang Y, Jiang Q (2014) Continuous tracking of the relationship between
resistivity and pore structure of cement pastes. Construction and Building Materials
53:26-31

252

Chapter

9

CONCLUSIONS AND FUTURE
WORK

Chapter 9
9.1.Conclusions
A set of thermal energy storage composites has been developed by combining PCMs
and building materials. The incorporation of PCMs into the building elements allows to
obtain composites with enhanced thermal properties, suitable to be applied for increasing
the energy efficiency of dwellings. This way, thermoregulatory microcapsules have been
successfully incorporated into RPU foams and gypsum boards obtaining improved
thermal properties and fulfilling the regulation about the mechanical strength required for
their application in construction.
By means of sol-gel method it is possible to in-situ synthesize ssPCMs based on SiO2
and PEG. The control of its gelation time allows the incorporation of the non-stabilized
ssPCM (sol) into porous bricks, producing a new form-stable PCM. The obtained formstable PCMs has high physical and thermal stability as well as large TES capacity and
thermal damping properties.

From the present study for the development of passive energy storage materials for
building applications, the following specific conclusions can be drawn:
9.1.1. RPU foams containing thermoregulating microcapsules
•

It was possible to produce rigid polyurethane foams containing up to a 50 wt%
content of mSD-(LDPE·EVA-RT27). The changes promoted by the addition of
high contents of microcapsules in the morphology, size and strut thickness of cells
are mainly significant for microcapsules contents higher than 30 wt%.

•

The cell morphology presented a big effect on mechanical strength, decreasing as
the cells changed from regular polyhedral to spherical shape. Mechanical properties
were satisfactory modelled by the Gibson and Ashby formulation as a function of
the microstructure of the foam.

•

At full-scale the RPU foam composites containing 30 wt% mSD-(LDPE·EVART27) exhibited a high thermal damping behavior during the day, however, a loss
of insulating capacity was observed at night.
9.1.2. Effect

of foaming formulation

thermoregulating RPU foams
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and operational

pressure on

Conclusions and future work
•

Although the use of low-pressure conditions promotes lower densities and proper
mechanical strengths up to 800 mbar, it has a deleterious impact on the RPU foams
thermal conductivity, probably due to the removal of the CO2 formed during the
foaming reaction.

•

The use of the proper amount of surfactant, suitable isocyanate:polyol mass ratio
and a combination of Tegoamin BDE and Tegoamin 33 for the synthesis of RPU
foams containing 25 wt% of microcapsules allows to obtain a composite with
temperature damping capacity at the transient state and keeping a proper insulating
capacity at the steady state. Moreover, the mechanical strength showed by this
material makes it suitable to be use as envelope in buildings for increasing their
energy efficiency.
9.1.3. Polymeric-SiO2-PCMs for improving the thermal properties of gypsum

•

Lightweight

gypsum

composites

containing

Polymeric-SiO2-PCMs

were

manufactured, observing a good distribution of these microcapsules on the needle
crystals structure, contrary to the agglomeration observed when mSP-(PSt-RT27),
mSD-(LDPE·EVA-RT27) and Micronal®DS 5001X were added. The mechanical
properties were also less affected by the addition of Polymeric-SiO2-PCMs than by
the other kind of studied particles.
•

Increasing the water/hemihydrate mass ratio up to 0.8 it was possible to achieve a
Polymeric-SiO2-PCMs incorporation of 45 wt% into gypsum composites, obtaining
materials with enhanced thermal properties. Despite of the fact that the PolymericSiO2-PCMs addition reduces the mechanical properties, all the developed materials
satisfied the mechanical Spanish regulation EN 13279-1.

•

The proposed series-parallel model combined with the Rayleigh or Lewis-Nielsen
models allowed its application in gypsum composites containing Polymeric-SiO2PCMs for determining their effective thermal conductivity.
9.1.4. Influence of gelation step for preparing PEG-SiO2 ssPCMs by sol-gel
method

•

An in-situ ssPCM from PEG and SiO2 has been produced by sol-gel method.
ssPCMs having a latent heat up to 113.8 J/g were synthetized using a sol with a
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molar ratio H2O:EtOH:H2SO4:PEG1000:TEOS of 2:0.34:0.021:0.50:1 and an
equivalent ratio NaOH/H2SO4 of 1.15 for promoting the gel step.
•

The presence of high-density hydrogen bonds between silanol groups and the ether
oxygen atoms of PEG and the existence of latent heat allowed to confirm that the
PEG worked in two ways. Either forming the PEG-SiO2 matrix or adsorbed onto
the surface of the previous polymeric matrix, losing or conserving its latent heat,
respectively.

•

The condensation step changed the functional groups distribution of SiO2 surface
from positive (SiOH2+) to neutral (SiOH) or negative (SiO-) charges according to
the solid-liquid equilibriums of silanol species as pH function. This functionality
strongly affected the water content, the thermal stability and the amount of active
PEG in the ssPCMs.
9.1.5. Development of form-stable PCMs based on bricks by incorporating
ssPCMs

•

The long gelation time and low initial viscosity of the proposed ssPCM in the sol
form allowed the preparation of a new form-stable PCM. The sol is adsorbed by the
brick and further gelled in their inner structure by controlling the pH of the medium,
leading to a material of high physical and thermal stability.

•

Form-stable PCMs containing within 15 to 110 wt% of ssPCM respect to the initial
dried mass of brick have been obtained as function of the brick porosity. The kinetic
adsorption studies of ssPCM on bricks were perfectly reproduced by means of the
Fick´s second law.

•

Bricks are acting as an additional stabilizer, retaining the ssPCM inside them.
Hence, all developed thermoregulating composited exhibited a high long-term
thermal stability. Thermal studies indicated that it was possible to produce
thermoregulatory bricks having a large TES capacity of, 8.14 kWh/m3.
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