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Energy efficiency in buildings has become a major challenge in both science and
industry. It is driven by the urgent need to strongly reduce the anthropogenic emissions of
greenhouse gases and to cut back on the inefficient usage of the worldwide primary energy
demand [1]. Building stock is, in fact, responsible for over one-third of the global energy
consumption and is, additionally, responsible for nearly 40% of total direct and indirect
CO2 emissions, making it the largest European energy consumer [2].

Therefore, a major leap in energy-saving is vital to protect our environment and
to boost the EU’s green economy. However, the main problem we face is that we still
construct our buildings with obsolete technologies and/or materials. We still believe
that energy efficiency in buildings means completely insulating from all outer heat fluxes.
The current trend is to deal with developing new challenging materials, and concepts,
based on dynamic thermal manipulations [3,4], which can provide excellent building
envelopment performance, in contrast with most classical solutions which are extremely
inefficient because of being based on outdated concepts of insulation [5] and/or the R-value
parameter, the latter defined as thermal resistances per unit area [6–8].

In this context, innovations in the construction sector are seeking breakthrough an-
swers by using smart and intelligent components, materials and composites [9], energy
saving concepts [10], and cost-effective solutions, in order to ultimately reach technologies
with nearly zero CO2 emissions.

The aim of this Special Issue was to explore the current state of the art, new ideas,
and novel developments on the relevant topics that link energy efficiency to construction
and building materials. A wide range of research outputs on various topics, which are
contributing to enhanced energy efficiency and sustainable materials used for residential
and non-residential buildings, was provided.

The emphasis of these works has been on collecting fundamental studies, experimental
research, numerical approaches, analysis tools, and design receipts for energy-efficient ma-
terials and constructions. It has the ambition to stimulate and spread the latest knowledge
on energy and construction and building materials, making the basis for new ideas on
various topics for young investigators as well as leading experts in the field of Materials
Science and Engineering.

The collection counts fifteen research papers and one review study. Most of the
research studies covered the topic of thermal energy storage (TES) in construction and
building components: i.e., in wooden façade [11], optimum placement of heating tubes [12],
use of iron (III) oxide powders for modifying the mortar thermal conductivity and diffu-
sivity [13], fiber-reinforced geopolymers for sensible TES [14], thermal insulation waste
extruded polystyrene [15], highly insulated wall systems with exterior insulation of poly-
isocyanurate [16], thermal properties of high-strength concrete containing CBA fine ag-
gregates [17], heat conductivity properties of hemp-lime composites [18], insulating glass
units subjected to climatic loads [19], conduction mechanisms in graphene nanoplatelets
(GNPs)-cement composite [20], and bio-waste thermal insulation panels [21]. The remain-
ing articles directly disseminated research on storing solar and/or environmental latent
heat to level-out daily temperature differences through the smart use of Phase Change
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Material (PCM) [22–25]. They provided experimental and numerical studies on advanced
PCM (latent) composites, consisting of porous cementitious materials, which have the
potential to store/release large latent TES energy during phase changes, i.e., from solid
to liquid and vice versa. Major research contributions address their physical, TES, and
mechanical design and how to achieve stable integrated systems where PCMs are homo-
geneously distributed among the porous cementitious materials. Finally, a review study
discussed the potential of PCMs in building wall constructions [26].

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Phase change materials (PCMs) are an effective thermal mass and their integration into
the structure of a building can reduce the ongoing costs of building operation, such as daily heat-
ing/cooling. PCMs as a thermal mass can absorb and retard heat loss to the building interior,
maintaining comfort in the building. Although a large number of PCMs have been reported in
the literature, only a handful of them, with their respective advantages and disadvantages, are
suitable for building wall construction. Based on the information available in the literature, a critical
evaluation of PCMs was performed in this paper, focusing on two aspects: (i) PCMs for building
wall applications and (ii) the inclusion of PCMs in building wall applications. Four different PCMs,
namely paraffin wax, fatty acids, hydrated salts, and butyl stearate, were identified as being the most
suitable for building wall applications and these are explained in detail in terms of their physical and
thermal properties. Although there are several PCM encapsulation techniques, the direct application
of PCM in concrete admixtures is the most economical method to keep costs within manageable limits.
However, care should be taken to ensure that PCM does not leak or drip from the building wall.

Keywords: phase change materials (PCMs); paraffin; fatty acid; hydrate salts; butyl stearate; encap-
sulation

1. Introduction

The storage of thermal energy for later use is a growing trend and is known as thermal
energy storage (TES) in the literature. In TES systems, energy can be stored in a medium
in the form of either “heat” or “cold” and is thus available for later use. It bridges the
gap between the supply and demand of energy, mainly electricity. Ever-increasing energy
consumption in various industrial sectors is causing global warming, and researchers
are increasingly seeking newer ways to convert energy with a limited impact in terms of
greenhouse gas (GHG) production [1]. According to the California Energy Commission, the
potential deployment of TES systems could result in a reduction in NOx levels of 560 tons
and a reduction in CO2 emissions of 260,000 tons from the building sector across the
state [2]. If we consider all the associated costs in the building industry, such as the ongoing
costs of heating and cooling, the costs of fossil fuel electricity generation, and the associated
greenhouse gas emissions (CO2, SO2, NOx, CFCs), TES, along with other conventional and
unconventional energy storage systems, is very promising for the sustainable development
of the building industry [3]. Research on the efficient use of solar thermal energy has been
established worldwide, because it is one of the cleanest energy sources and is abundant in
nature. However, limiting factors include its absence at night and on cloudy days, posing a
major challenge for a continuous energy supply. One answer to this challenge is to develop
a medium that is sensitive enough to store thermal energy in the absence of sunlight. In this
regard, phase change materials (PCMs) have found new applications in the construction
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industry, especially in green buildings. Green buildings are referred to as energy-efficient
buildings, using much less traditional energy (e.g., electricity) while maintaining the same
level of comfort. In short, PCMs tend to be characterized by a phase transition that occurs
at a more or less constant temperature. Here, the phase transition is not limited to melting,
but can also be evaporative, for example. It is interesting to note that PCMs are neither new
nor exotic materials, as is often claimed in the literature [4]. PCMs have low density and
form a viscous/semi-viscous mass when melted (compared to free-flowing water), thus
avoiding the problem of the use of heavy materials in building design and construction.

Several studies on the development of PCMs, as well as their incorporation into the
building envelope, have been reported in the literature. Nevertheless, it is difficult to obtain
a good understanding because most of the reported work is not scientifically linked to
previous work and is disorganized. There are also a number of reviews in the literature,
but they are disjointed. The main reason for this is that researchers have tried to combine
all the available information into one paper, ignoring the complexity and vastness of the
topic. Therefore, it is necessary to address each aspect of PCMs separately. With respect to
phase change materials, two different aspects are considered in this review. They are:

• Phase change materials themselves;
• How to use them in building construction.

When incorporating PCMs into building envelopes, each building envelope requires
PCMs of a specific nature, shape and size. Considering this, the aim of this article is to
provide a comprehensive overview of PCMs applied in the building envelope. Therefore,
they will be referred to as “smart walls” in the following. In this study, all the possible PCMs
available for this purpose have been critically analyzed, and the related information, such as
the development of PCMs, their physical and thermal properties, and their integration into
the building envelope, has been presented. In this way, industry partners and researchers
can benefit from this comprehensive overview and overcome the associated limitations
and drawbacks to meet the future challenge of sustainable development. In addition, the
associated challenges in the use of PCMs, in terms of materials and methodology, are also
discussed. The new feature of this study is to assess the advantageous usage of PCMs
in the Middle East region in general and Saudi Arabia in particular, in terms of lower
energy consumption, energy efficiency, and low-cost home insulation systems. The current
study will enable engineers to select the particular PCMs for a given application, as well as
helping researchers to carry out more innovative research work in this area.

2. Impact of PCMs on Building Construction

As mentioned earlier, latent heat storage provides a higher density of energy storage
than sensible heat storage. In addition, the temperature variation is small for the former.
The scenario can be modeled on that of a thermal switch. Once the switch is turned on,
i.e., the PCMs reach their melting point, the temperature is kept constant until the material
is completely melted. This melting process allows a large amount of heat to be absorbed
while keeping the system temperature constant at the melting temperature of the respective
PCMs [5]. Since PCMs store heat or cold for later use, they can thus regulate or dampen
temperature fluctuations within a building, automatically leading to energy savings. In
other words, PCMs provide a virtual building mass. If the room temperature exceeds
the melting temperature of the PCM, it melts and absorbs heat. Later, when the outside
temperature rises, the interior of the room will not easily reach a high temperature. In
colder weather, the PCMs release the heat. A brief justification for the potential use of
PCMs is shown in Figure 1, in which the thickness of the thermal mass is compared to
traditional building materials such as gypsum, wood, concrete, sandstone and brick. Thus,
the use of PCMs not only reduces the thermal mass, but also reduces the footprint of the
building and provides significantly more usable space inside the buildings.
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Figure 1. The thickness of PCMs required, compared to conventional thermal masses (e.g., gypsum, wood, concrete,
sandstone and brick), for building envelope applications. This figure was redrawn based on [3].

As recently reported by Lagou et al. [4] in their numerical and simulation work,
in addition to the PCM itself, the optimal positioning of the PCM in a given building
envelope also plays a significant role. According to the authors [4–6], the optimal location to
incorporate PCMs is the interior edge of the building and also depends on the geographical
location. In addition, the energy payback time for PCM incorporated building elements is
less than 7 days/m2. Such promising data on energy payback time creates a motivation
to further incorporate PCMs into building wall construction. The following section will
present the classification and general properties of PCMs for building wall applications.

3. Classification and Properties of PCMs and Their Application in Building Walls

PCM is not a single material, but a group of materials that have a number of specific
properties. Broadly speaking, PCMs are divided into the following categories:

1. Organic;
2. Inorganic; and
3. Eutectic, as explained in subsequent sections.

3.1. Organic PCMs

Several factors should be considered when developing PCMs. However, the most
important of these are their cost, thermal conductivity, latent heat content and freez-
ing/melting range. Examples of potential organic PCMs are waxes, oils, fatty acids and
polyglycols. These types of organic PCMs are in the form of a long molecular chain with
a carbon backbone. The melting point of such a material is determined by the length of
the carbon molecular backbone. Generally, the longer the chain, the higher the melting
point. Since these materials originated as single-chain molecules, this makes their melting
point more specific, along with an increase in their latent heat content. Examples include
pure linear hydrocarbons, which require complex processing and are therefore expensive.
On the other hand, naturally occurring fats such as vegetable oils and animal fats are
economically attractive compared to synthetic fats. However, these naturally occurring fats
consist of a wide range of molecules with different chain lengths. Consequently, instead of a
sharp melting/freezing point, these materials exhibit a temperature range where complete
melting/freezing occurs. Since PCMs must operate in a narrow temperature band for
efficient TES operation, these naturally occurring fatty materials are not suitable for this
purpose. In addition, due to their highly oxidizing behavior over time, these types of fats
are fire hazards and can only be used with the use of flame-retardants.

On the positive side, organic PCMs do not suffer from subcooling problems and thus
avoid phase separation over time. In addition, they are chemically stable, non-corrosive and
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non-toxic, but have the disadvantage of relatively low thermal conductivity and potential
flammability. Organic PCMs can be further classified as

• Paraffin and
• Non-paraffin types.

3.2. Inorganic PCMs

Compared to organic PCMs, inorganic PCMs are non-reactive (fire-resistant) and have
higher latent heat content and high thermal conductivity. Their disadvantages are their
corrosive nature and the fact that they suffer from supercooling and phase separation over
time [7]. As reported by Mehling and Cabeza [8], additional measures are required to
counteract these drawbacks, through the introduction of additives, additional nucleating
agents, the dispersion of highly thermally conductive material such as fused perlite or
metal dusts, and a general microencapsulation technique [9]. Inorganic PCMs are mostly
water-based hydrated salts with a freezing/melting temperature above 0 ◦C [10]. It is
common practice to use a mixture of salts to fine-tune the phase change temperature,
i.e., the freezing/melting temperature. It is also possible to use the same salt in different
concentrations (in water). Usually, the water chemically combines with the salts to form a
crystalline structure commonly known as a “hydrated salt”. Interestingly, some hydrated
salts can contain up to 50% water, although their physical appearance is in solid crystal
form and usually has a distinct color, depending on their water content. When hydrated
salts are heated, the water portion of them is separated and the salt dissolves in this water.
During this process, the system absorbs the heat flux in the form of latent heat. Exactly
the opposite takes place during freezing, as heat escapes from the system. The practical
application of this theory produces PCMs that can melt/freeze at up to 117 ◦C. In other
words, these PCMs are frozen at temperatures higher than the boiling point of water.
Congruent hydrated salts are transparent when melted and the chemical composition
of the melt phase is the same as that of the solid phase before melting. Others are semi-
congruent, i.e., they form a different hydrated salt with a lower melting point upon melting.
Recently, Guo et al. [5] has proposed inorganic VO2 as a “smart” phase change material for
building applications. This material changes its phase upon external thermal excitation at
around 67 ◦C, which is useful in external walls. This material, used as a coating, is highly
manufacturable and scalable with high-throughput.

3.3. Eutectic PCMs

Eutectic PCMs are a mixture of the above-mentioned organic and/or inorganic PCMs
and can be sub-divided into different groups. The groups include:

• Organic–organic,
• Inorganic–inorganic and
• Inorganic–organic.

Eutectic PCMs are congruent in nature and occur in crystal forms [11]. In its simplest
form, the theory behind eutectic PCMs is as follows. When salts of any kind are added to
an aqueous medium, the freezing point of the water is lowered. This is the reason why
gritting materials are spread on icy/snowy roads in the winter to keep the roads open.
As salts are added to the solution, the freezing temperature drops further. At a certain
composition, the mixture takes the form of a slush. However, under certain circumstances,
such as a mixture of certain salts at a certain concentration, it melts and freezes translucent
at a certain temperature. During the melting/freezing process, the system releases or stores
heat in the form of latent heat. The composition of the mixture at this point is called the
eutectic composition and this particular temperature is called the eutectic temperature. A
brief comparison of PCMs in terms of their classification and common properties is given
in Table 1.
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Table 1. Classification of PCMs, together with their common properties [10,12–23].

PCM Properties
PCM Type

Organic Inorganic Eutectics

Examples of PCMs

Paraffin, non-paraffin
compounds, fatty
acids, acetamide,

butyl stearate

CaCl2.6H2O,
Na2SO4.10H2O,
Na2CO3.10H2O

Octadecane +
heneicosane,

Octadecane + docosane,
34% C14H28O2 + 66%

C10H20O2

Melting temperature
(◦C) 19–32 29–36 25–27

Thermal conductivity
(w/m.k) 0.15–0.21 0.54–1.09 -

Heat of fusion (J/kg
K) 140–236 105–192 136–203

Density (kg/m3) 756–815 1600–1800 -

In this regard, the most studied PCMs are hydrated salts, paraffin/non-paraffin waxes,
animal/plant-based fatty acids, and eutectic PCMs combining any of the above materials.
The details and properties of these materials are described below.

3.3.1. Paraffin Waxes

Paraffin wax (PAR) is a by-product of petroleum refining and can be used as a value-
added material as a PCM. It is a mixture of several linear alkyl hydrocarbons. The melting
point of PAR is comparable to that of salt hydrate, with reasonable latent heat and without
the problem of supercooling associated with salt hydrate. A major disadvantage of PAR
is its high flammability; therefore, its use is only recommended in combination with fire-
retardant fillers. The chemical formula of paraffin wax is CnH2n+2, that is, an aliphatic
chain (e.g., C3H8, C5H12, C7H16) as shown in Figure 2 [24]. Commercial paraffin waxes are
mixtures of different waxes with a wide range of melting temperatures and are usually
cheap, with acceptable heat storage densities in the range of ~200 kJ/kg or 150 MJ/m3.
However, the main disadvantage is that they have a low thermal conductivity coefficient
(~0.2 W/m ◦C). To overcome this, the addition of fillers is necessary.

Figure 2. Examples of paraffins. This figure was redrawn based on [24].

The fillers not only increase the thermal conductivity but can also retain a larger vol-
ume of PCMs therein. Common fillers include metal dust/particles, molten dolomite/perlite
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or metal inserts such as finned tubes and aluminum chips [13]. Commercial paraffin, as
opposed to pure paraffin, is most commonly used in PCMs due to its high cost, with a
melting temperature of about 55 ◦C [25,26]. Farid et al. [27] studied commercial paraffins
with melting points of 44, 53 and 64 ◦C, which have latent heat densities of 167, 200 and
210 kJ/kg, respectively. The first result is promising in terms of their ability to maintain
the temperature level in the comfort zone. Detailed technical information on this can be
found in the literature by Himran et al. [21], Faith [28] and Hasnain [13]. A list of the
thermo-physical properties of the most common paraffin waxes used in the construction of
building walls is given in Table 2.

Table 2. Thermo-physical properties of different paraffin waxes.

PCMs Tm (◦C)
K

(W/m.K)
H

(kJ/kg)
ρ

(kg/m3)
Ref.

Paraffin RT-18 15.0–19.0 0.20 134.0 0.756 [29]

Paraffin RT-27 28.0 0.20 179.0 0.800 [30]

n-Octadecane
28.0 0.20 179.0 0.750 [31]

28.0 0.15 200.0 - [32]

n-Heptadecane 19.0 0.21 240.0 760.0 [32]

22.0 - 244.0 780.0 [33]

Hexadecane 18.0 0.17–0.26 236.0 780.0 [33]

Polyethylene glycol 21.0–25.0 - 148.0 1128.0 [34]

Paraffin C13–C24 22.0–24.0 0.21 189.0 0.760 [32,35]

n-Octadecane +
n-Heneicosane 26.0 - 173.9 - [36]

Paraffin C16–C18 20.0–22.0 - 152.0 - [11,35,37]

Paraffin C17 21.70 - 213.0 0.817 [38]

Paraffin C18 28.0 0.15 244.0 0.774 [11,35–38]
Legend: H: heat of fusion. k: thermal conductivity. Tm: melting temperature. ρ: density.

3.3.2. Fatty Acids

Fatty acids are attractive candidates for TES systems such as PCMs for latent heat
energy storage in space heating applications. As reported by Feldman et al. [39], the
physical and thermal properties of fatty acids (capric, lauric, palmitic and stearic acids)
and their binary mixtures meet the requirements for use as PCMs. The melting point of
the fatty acid group PCMs ranges from 30 ◦C to 65 ◦C and the latent heat content varies
from 153 to 182 kJ/kg. In a parametric study of palmitic acid PCMs by Hasan et al. [40],
the behavior of such PCMs including the phase transition, solid/liquid interphase in the
mixture, freezing/melting temperature and the heat flux rate in a TES system consisting of
circular tubes was described in detail. Among the various fatty acids, capric and lauric fatty
acids are mainly used in low-temperature TES systems, as reported by Dimaano et al. [41],
with a freezing/melting point of about 14 ◦C. Depending on the composition, the latent
heat content is about 113–133 kJ/kg. As mentioned earlier, although a number of materials
in this category have been studied at the laboratory scale, only a handful of them have
been explored to their full potential, so there are vast opportunities for further research in
this area. Examples of such laboratory PCMs include dimethyl sulfoxide, with a melting
temperature of 16.5 ◦C and a latent heat content of 86 kJ/kg [16]; maleic anhydride, with a
melting temperature of 52 ◦C and a latent heat content of 145 kJ/kg [42], etc. Like PAR,
fatty acid also has a long chain of molecules, as shown in Figure 3. Depending on the
location of the double bonds in fatty acids, they can be further classified as:

• Saturated and
• Unsaturated fatty acids.

10



Materials 2021, 14, 5328

 
Figure 3. Molecular structure of different types of fatty acids. This figure was redrawn based on [43].

A list of common fatty acid PCMs with their respective thermo-physical properties is
given in Table 3.

Table 3. Thermo-physical properties of different fatty acids.

PCMs Tm(◦C) K
(W/m.K)

H
(kJ/kg)

ρ

(kg/m3)
Ref.

Lactic acid 26.0 - 184.0 - [38]

Capric acid
30.2 0.20 142.7 - [44]

30.0–30.2 0.2 143.0 815.0 [44,45]

Stearic acid 52.0 0.29 169.0 965.0 [46]

Palmitic acid 62.4 - 183.2 - [47]

Myristic acid 52.7 - 198.4 - [47]

Capric acid + Lauric acid

21.0 - 143.0 - [11]

19.0 - 132.0 - [36]

20.39 - 144.2 - [48]

Capric acid + Stearic acid 26.8 - 160.0 - [36]

Capric acid + Palmitic acid
22.1 - 153.0 - [36]

26.2 2.20 177.0 784.0 [49]

Myristic acid + Capric acid 21.4 - 152.0 - [36]

Capric acid + 1-dodecanol

26.5 - - - [44]

27.0 - 126.9 817.0 [44]

26.5 0.2 126.9 817.0 [50]

Methyl Palmitate + Methyl Stearate 23.0–26.5 - 180.0 817.0 [51]

Dodecanoic acid 42.5 0.148 182.0 873.0 [52]

Glycerin 18.0 - 199.0 - [29]

Capric acid (75.2%) + Palmitic acid (24.8%) 22.1 - 153.0 - [53]
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Table 3. Cont.

PCMs Tm(◦C) K
(W/m.K)

H
(kJ/kg)

ρ

(kg/m3)
Ref.

Capric acid (75%) + Palmitic acid (25%) 17.7–22.8 - 189.0–191.0 - [54]

Capric acid (86.6%) + Stearic acid (13.4%) 26.8 - 160.0 - [53]

Capric acid (61.5%) + Lauric acid (38.5%) 19.1 - 132.0 - [53]

Lauric acid (55.8%) + Myristic acid (32.8%) +
Stearic acid (11.4%) 29.29 - 28.38 - [55]

Expanded Graphite (Lauric acid + Myristic acid
+ Stearic acid) 29.05 - 137.0 - [55]

Capric acid + Palmitic acid + Stearic acid 19.93 - 129.5 - [56]

Myristic acid + Palmitic acid + Stearic acid 41.72 - 163.5 - [56]

Expanded Graphite (Myristic acid + Palmitic
acid + Stearic acid) 41.64 - 153.5 - [56]

Expanded Perlite (Capric acid + myristic acid) 21.7 - 85.4 - [57]

Activated Carbon (Lauric acid) 44.1 - 65.14 - [58]

Expanded Graphite (Stearic acid) 53.12 - 155.5 - [59]

Diatomite (Capric acid + Lauric acid) 16.7 - 66.8 - [60]

Activated Montmorillonite (Stearic acid) 59.9 - 84.4 - [61]

Expanded Graphite (Palmitic acid) 60.9 - 148.4 - [62]

Legend: H: heat of fusion. k: thermal conductivity. Tm: melting temperature. ρ: density.

3.3.3. Hydrated Salts

Hydrated salts are attractive materials for use as PCMs because they have high thermal
energy storage density (~350 MJ/m3), along with a high thermal conductivity coefficient
(~0.5 W/m ◦C) and a modest cost. Hydrated salts are mainly crystalline salts that contain a
certain amount of water in crystalline form and therefore have different colors depending
on the water content. For example, Glauber’s salt (Na2SO4.H2O) contains 44% Na2SO4,
whereas the water content is higher than the salt content at 56%, although they appear
in a solid form at room temperature and pressure. Glauber’s salt was one of the first
studied PCMs, reported in the 1950s [12,17], with a melting temperature of about 32.4 ◦C
and a latent heat content of 254 kJ/kg (377 MJ/m3). The physical states of some common
hydrated salts at room temperature are discussed below. Despite their high thermal
conductivity, problems related to supercooling and phase separation are a major challenge
for their wide application. To deal with this problem, the “extra water principle” is the most
commonly used solution to prevent the formation of heavy anhydrous salts, as mentioned
by Biswas et al. [63]. However, the use of extra water extends the melting/freezing
temperature range, which negatively affects the thermal energy storage density of the
material. Some researchers have proposed the use of bentonite clay as a thickening agent,
but this introduces another challenge, namely, the reduction of the crystallization rate, as
well as the heat transfer rate, due to the low thermal conductivity coefficient of the system.
Borax can also be used as a nucleating agent to prevent supercooling [12]. In general,
hydrated salts suffer from the problems of supercooling, nucleation and phase segregation
and therefore require the use of encapsulation, along with thickening and nucleating agents.
A list of hydrated salts with their respective thermos-physical properties suitable for wall
construction can be found in Table 4.

12



Materials 2021, 14, 5328

Table 4. Thermo-physical properties of different hydrated salts.

PCMs Tm (◦C)
K

(W/m.K)
H

(kJ/kg)
ρ

(kg/m3)
Ref.

Hydrated salts

29.0 1.0 175.0 1490.0 [64]

31.4 - 150.0 - [65]

25.0–34.0 - 140.0 - [66]

26.0 0.60 180.0 1380 [30]

Eutectic salt 32.0 - 216.0 - [67]

Sodium Sulfate Decahydrate 32.50 0.60 180.0 1600 [68]

FeBr3·6H2O 21.0 - 105.0 - [38]

Mn(NO3)·6H2O
25.5 - 126.0 1738 [11,35,38]

25.8 - 125.9 1728 [46]

Mn(NO3)2·6H2O + MnCl2·4H2O 27.0 0.60 125.9 1700 [69]

CaCl2·6H2O 29.0 0.54 187.49 560 [70]

29.9 0.53 187.0 1710 [71]

Sodium thiosulfate pentahydrate 40.0–48.0 - 210.0 - [72]

Sodium acetate trihydrate 58.0 1.10 264.0 1280 [73]

Na2SO4·10H2O-Na2CO3·10H2O 32.34 - - - [74]

Hexahydrate (CaCl2.6H2O) 30.0 1.10 170.0 1560.0 [75]

Decahydrate (Na2SO4.10H2O) 37.7 - - 131.7 [76]

KF4H2O 18.50 - 231.0 1447.0 [77]

Na2SO4·10H2O 21.0 0.55 198.0 1480.0 [78]

Calcium chloride 29.8 0.56 191.0 1710 [79]

Legend: H: heat of fusion. k: thermal conductivity. Tm: melting temperature. ρ: density.

3.3.4. Butyl Stearate (BS)

Butyl stearate (BS) is another organic PCM that has been described in the literature
as one of the best-known PCMs. It has a melting point of 17 ◦C–22 ◦C [80] and the
linear chemical formula is CH3(CH2)16COO(CH2)3CH3. BS can be used both through the
microencapsulation technique and directly as an admixture in concrete. Liang et al. [81]
reported the microencapsulation of butyl stearate in poly-urea microcapsules using the
interfacial poly-condensation method with a particle diameter of about 20–35 μm with
toluene 2,4-diisocyanate (TDI) and ethylene diamine (EDA) as backbone monomers. This
microencapsulated butyl stearate shows a melting temperature of about 29 ◦C with a latent
heat of fusion of about 80 J/g [81]. Examples of such microencapsulated BS in the form of
optical images are shown in Figure 4.

Microencapsulated butyl stearate can be used as an additive for interior or exterior
coatings or can be included in insulating materials such as foams. Melamine formaldehyde
resin is widely used in industry. It has high mechanical strength and desirable thermal
resistance properties. The thermal decomposition temperature of melamine formaldehyde
is above 300 ◦C, which is suitable for use as a wall-building material [82]. A number
of different polymers and monomers can be used to encapsulate PCMs, namely, amine
resins, poly-urea, polyurethane, polyester, polyamide, etc. These polymers form a shell-like
container, which then contains PCMs inside it, and the process is referred to as poly-
condensation in the literature [81]. For example, Liang et al. [81] used poly-urea as the
shell wall material. The particle diameter of the microcapsules in their study was about
20–35 μm [82]. In another work by Hua et al. [83], butyl stearate was microencapsulated
over poly-urea polymer. They prepared microcapsules with a size of 4.5–10.2 μm [82].
Bendic and Amza fabricated poly-methyl meta-acrylate (PMMA) microcapsules with butyl
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stearate as the core with an average diameter of 95 μm [21]. Oliver et al. [84] reported on
the role of pH in the composition and thermal stability of melamine microcapsules with
butyl stearate on their fabricated microcapsules with a diameter of 20–50 μm [22]. On the
other hand, Cellat et al. [80] reported the direct incorporation of BS as an admixture in
concrete to improve the thermal performance of building walls. A list of butyl stearate
PCMs with their respective thermo-physical properties suitable for wall construction is
given in Table 5.

 
Figure 4. Optical micrographs exhibiting BS micro-encapsulation in polymers with
magnification ×630 (a), and magnification ×400 (b) [81].

Table 5. Thermo-physical properties of different butyl stearate PCMs.

PCMs Tm (◦C)
K

(W/m.K)
H

(kJ/kg)
ρ

(kg/m3)
Ref.

Butyl stearate

16.0–20.8 0.21 700.0 900 [75]

18.0 - 30.0 - [75]

19.0 - 140.0 760 [53]

18.0–23.0 0.21 123.0–
200.0 - [53]

BS/MMT 25.30 - 41.81 - [85]

Butyl Stearate & Butyl Palmitate
(49/48) 17.0–20.0 - 137.8 - [86]

Butyl Stearate & Butyl Palmitate
(50/48) 15.0–25.0 - 101.0 - [87]

CH3(CH2)16COO(CH2)3CH3 19.0 - 140.0 - [88]

Butyl stearate (50%) and Butyl
palmitate (48%) 16.0–21.0 - - - [52,89]

Butyl stearate (48%) and Butyl
palmitate (49%) 17.0–19.3 - - - [90]

Legend: H: heat of fusion. k: thermal conductivity. Tm: melting temperature. ρ: density.

As can be seen from above-mentioned data and properties of PCMs, there are a
number of PCMs that can be a candidate for building wall applications. However, each
PCM is unique in nature and comes with respective benefits and challenges, as described
in the next section.
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4. Challenges Associated with the Use of PCMs

For the successful application of PCMs, some of their inherent limitations should be
considered and properly addressed. The main limitations arise in terms of the thermal
conductivity coefficient, changes in heat storage density and the maintenance of the initial
system’s efficiency over time, as well as phase segregation and subcooling, as described below.

4.1. Phase Segregation and Supercooling

As mentioned earlier, when hydrated salt PCMs melt, supercooling and phase seg-
regation occur before the next freezing cycle begins. Supercooling in PCMs is defined
as a metastable state in which the PCMs remain in a liquid state (phase) even though
the temperature is below their respective melting point. This supercooling and phase
segregation suppress the efficiency of the PCMs over time and, in the worst case, can
prevent the PCMs from solidifying at all. The initial heat storage density deteriorates
over time and thus the efficiency decreases at an alarming rate. This is because hydrated
salts are a congruent melting material, so melting is accompanied by reduced hydrate
formation. This process is irreversible and since lower salt hydrates have a lower thermal
energy storage capacity, the efficiency of the system decreases. Subcooling is also blamed
for the decrease in efficiency of the hydrated salts. One of the solutions to this is the use
of direct contact with the conducting environment, such as an immiscible heat transfer
fluid [14,16,18,91,92]. The presence of additional heat transfer fluid causes agitation to
occur in the system, which not only minimizes subcooling but also prevents possible phase
segregation. Some researchers have used the ‘extra water principle,’ as described briefly
earlier (Section 3.3), to avoid segregation and subsequent plugging. When developing
additives/stabilizers to stimulate nucleation, the physical and chemical properties of the
salts in question should be considered [19]. Ryu et al. [18] reported extensive research on
the development and use of suitable stabilizing/nucleating agents that can be used in a
range of PCM systems.

4.2. Stability of PCMs over Time

One of the hurdles to the widespread use of PCMs is their ability to maintain their
physical, thermal and chemical properties over the time of use, i.e., over the thermal cycles
to which they are exposed. Here, the effect of corrosion by PCMs in the system is also
relevant, especially when they are macro encapsulated in a container [10]. PCM containers,
both microencapsulation and macro encapsulation, must have sufficient physical and ther-
mal stability as PCMs are subjected to repeated heating/cooling cycles. Kimura et al. [93]
reported the use of NaCl in CaCl2.6H2O with additional water content, which can with-
stand up to 1000 heating/cooling cycles. On the other hand, as reported by Gibbs et al. [20],
paraffin-based PCMs usually do not suffer because both thermal cycling and the use of
the container do not affect their thermal properties. Unfortunately, no information on
the corrosion of paraffin is available in the literature, and there are few reports on the
corrosion of PCMs, and these lack details about this subject [8,94]. Despite all the above
facts, hydrated salts are denser than the paraffin and thus the effective heat capacity per
unit volume is high. As a rule of thumb, a 10% volume change in thermal cycling can be
considered a minor problem [22]. Hawladar et al. [95] reported on the thermal stability
of microencapsulated paraffin and confirmed its stability up to 1000 cycles, as shown in
Figure 5.
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Figure 5. SEM images of paraffin particles after micro-encapsulation and subjected to thermal
cycles [74].

It is important to note that there are few studies in the literature that address the
thermal stability of PCMs over multiple cycles, and most of these papers are related to
accelerated laboratory-scale thermal tests. Accelerated laboratory-scale tests do not always
necessarily reflect the real-world scenarios of practical applications. A lack of detailed
results on the thermal stability behavior of various PCMs is clearly visible in the literature,
and thus further attention by researchers is required.

Cellat et al. [80] reported the thermal stability of microencapsulated BS PCMs subjected
to a total of 1000 melting/freezing cycles via differential scanning calorimetry (DSC), as
shown in Figure 6 [80]. After 800 cycles, the melting temperature and latent heat storage
capacity changed from 21.0 ◦C to 20.8 ◦C and from 135.5 J/g to 105.1 J/g, respectively [80].
Although there was no significant change in melting temperature, the change in latent heat
(22%) was significant, leading to the need for further investigation, as the current literature
is not available.

 

Figure 6. Comparison of the DSC curves of micro-encapsulated BS PCMs subjected to 0, 200, 400, 600 and 800 thermal
cycles [75].
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4.3. Thermal Conductivity

In general, most PCMs suffer from a low thermal conductivity coefficient. To improve
this, measures to increase their heat transfer capability are required to increase their thermal
conductivity [96,97]. To increase the surface area of PCMs, which in turn increases the
thermal conductivity of the TES system, a common practice is to impregnate a porous
matrix with PCMs and then form a composite. These porous materials can be diatomaceous
earth, silica, perlite, etc., as reported in the literature [98–100]. An example is shown in
Figure 7, which demonstrates the inclusion of PCMs in the diatomaceous earth structure.
The diatomaceous earth obtained (Figure 7a) contains impurities and therefore needs to
be calcined in order to get rid of these impurities and open the pores of the structure
(Figure 7b). After calcination, the organic impurities in the diatomaceous earth have been
volatilized and thus the specific surface area has increased. After mixing with paraffin
PCMs, the diatomaceous earth absorbs the paraffin in its pores, becomes coated with
paraffin (Figure 7c,d), and looks like spheres from the outside.

 

Figure 7. SEM micrographs of diatomite/paraffin composite: (a) diatomite in as-received condition, (b) diatomite after the
calcination process, (c) composite structure of paraffin/diatomite and (d) higher magnification view of single composite
sphere [76].

Thus, the composite structure is similar to the core-shell structure, where the core is
diatomaceous earth, and the shell is paraffin. The size of the composite spheres varies
(5–20 μm) depending on the size of the diatomaceous earth, soaking time, temperature, the
density of the PCM used and other related process parameters. In general, the composite
exhibits a uniform structure due to the homogeneous absorption of kerosene into the
diatomaceous earth and has sufficient mechanical strength for handling and standing in
the application [100]. So far, different kinds of PCMs and their associated properties has
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been discussed. However, identifying an optimum PCM does not necessarily mean that
their application in building walls will offer the best performance, as the integration of
such PCMs is a challenge itself. The next two sections (Sections 5 and 6) summarize various
ways of integrating PCMs into building wall applications.

5. PCM Integration into the Building Envelop

Although PCMs can be integrated into various building envelopes, as reported in
the literature [19,101], in this paper we will focus mainly on the integration of PCMs into
building walls. In buildings with multiple floors, the roof space becomes tight due to
the space required for solar panels and air conditioning units. Therefore, to make the
best use of the available space, building walls are the second-best place to install PCMs
and are referred to here as “smart walls”. During the phase transition, PCMs melt into
viscous/semi-viscous forms. Therefore, to avoid leakage, they must be properly enclosed
in protective containers in a process called encapsulation. To achieve the best possible
performance, PCMs must be bonded to the inner surface of the walls whenever possible.
This thermally couples the PCMs to prevent the loss of thermal conductivity. Thus, the
traditional technique of maintaining an air gap between the inner and outer layers of the
walls is not required. Lane et al. [102,103] identified over 200 potential PCMs, covering a
wide operating temperature range (10 ◦C to 90 ◦C) which can be used for encapsulation.
Two types of encapsulation are widely used in commercial applications, namely:

• Micro-encapsulation and
• Macro-encapsulation, as discussed below in detail.

5.1. Micro-Encapsulation

Microencapsulation of PCMs refers to the incorporation of PCMs in microscopic shells,
where the shell consists of polymers/monomers and one or more PCMs in colloidal form
constitutes the core substance [81]. Depending on the application, the shell can be polymeric
or inorganic in nature. The microencapsulation of hydrated salt PCMs (e.g., CaCl2.6H2O)
in a polyester-resin micro-container has been promising, and the application of these PCMs
to building walls has been reported in the literature [104]. The final product can take the
form of extruded films, thanks to the solvent exchange technique. This process can achieve
microencapsulated PCMs with about 40% PCM retention. These microencapsulated PCMs
films show good mechanical and thermal constancy under cyclic freeze-melting conditions.
As reported by Royon et al. [104], PCMs with water phase (i.e., hydrated salts) can be
contained in polyacrylamide polymers. This polymer forms a three-dimensional network
of macroscopic polymer chains and acts like a net to trap PCMs within it. The gap between
the chains is small enough to prevent the leakage of PCMs due to absorption, as shown
schematically in Figure 8.
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Figure 8. Micro-encapsulation of hydrated salt PCMs in polyacrylamide film [104].

Paraffin wax can also be encapsulated by forming an inorganic shell around it, e.g., a
shell of calcium carbonate (CaCO3), using the self-assembly method shown schematically
in Figure 9. First, oily paraffin is diffused in an aqueous solution, together with nonionic
surfactants, to form a stable emulsion. Then, the chains of surfactants, which are hydropho-
bic by nature, are oriented to the oil droplets. At the same time, the hydroxyl groups of the
surfactants, which are hydrophilic by nature, combine with the water molecules and stay
away from the oil droplets. The layer of surfactants covers the surfaces of the oil droplets,
forming kerosene micelles. Subsequently, Ca2+ ions are bound by the hydroxyl groups
of the surfactants when droplets of CaCl2 are added to the same solution. This process
is called the complexation process. Finally, CaCO3 is formed because of a precipitation
reaction by introducing Na2CO3 into the same emulsion system. This CaCO3 is not soluble
in the system and acts as a shell encapsulating the oily phase (PCMs) of the emulsion. Since
this CaCO3 forms directly on the surface of the paraffin micelles, the process is referred to
in the literature as the self-assembly process.

 

Figure 9. Schematic of paraffin micro-encapsulation in CaCO3 shell [78].
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Details of the structure and appearance of microencapsulated paraffin in the initial
state are shown in Figure 10 [105]. As can be seen from Figure 10, the morphology of
the encapsulated PCMs varies from spherical with some coagulation to shell-like shapes
and the diameter is about 1–5 μm. Besides the different paraffin loading, the processing
temperature, the presence of additives and the presence of surfactants play a crucial role.
As can be seen in the TEM images (Figure 10), a representative core-shell formation of the
microcapsules with a shell thickness of about 0.14–0.5 μm is confirmed [105].

 
Figure 10. Morphology of micro-encapsulated paraffin in CaCO3 shell: SEM images (a,c,e) and TEM
images (b,d,f) [78].

As with the encapsulation of paraffin in a CaCO3 shell using the self-assembly process
mentioned above, paraffin or other PCMs can also be encapsulated by a polymer shell. As
an example, the process of microencapsulation of n-octadecane PCMs with poly-urea shells
is shown in Figure 11, and the corresponding SEM images of the microencapsulated PCMs
are presented in Figure 12.
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Figure 11. Schematic of microencapsulation process of n-octadecane with poly-urea shells [106].

 

Figure 12. SEM images of micro-encapsulated PCMs using different monomers: (a) ethylene diamine
(EDA), (b) toluene-2,4-diisocyanate (TDI), (c) Jeffammine and (d) a cracked microcapsule [106].
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All this evidence confirms the possibility of various microencapsulation processes,
which provide easy and versatile methods for the use of PCMs. The advantages of the
microencapsulation of PCMs in various media include increased surface area, resulting in
improved heat transfer surface, prevention of the contact of PCMs with the environment,
which helps prevent fouling and oxidation of PCMs, and overall maintenance of the
volume of the storage materials, which ensures the maximum achievable efficiency of
the system over the lifetime of the component [81]. Different kinds of novel and efficient
micro-encapsulation techniques are still under investigation and are being reported by
researchers. For example, Ballweg et al. [80] has reported ultra-violet (UV)-based micro-
encapsulation techniques for hydrated salts and paraffin waxes, which represent a relatively
quick and efficient process. However, further investigation on the long-term stability of
such micro-encapsulated PCMs are yet to be conducted.

5.2. Macro-Encapsulation

In contrast to microencapsulation, in macro-encapsulation, the PCMs are encapsulated
in lifed-size containers that come in different shapes and materials, as shown in Figure 13.

 

Figure 13. Commercially manufactured macro-capsules to store PCMs: (a) Polyolefin spherical balls,
(b) Polypropylene flat panel, (c) stainless ball capsules, and (d) modules beam [36].

The most widely used commercial microencapsulation techniques include Ø 2–3 mm
spherical capsules, flat plates, metallic (stainless steel) spherical capsules and cylindrical
bars filled with PCMs (Figure 13d). PCMs can also be encapsulated in bags made of
conductive metallic materials such as thick aluminum foils/plates, as shown in Figure 14.
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Figure 14. Macro-encapsulation of PCMs in (a) pouches and (b) flat panels [107].

A list of PCMs that are suitable for micro-/macro-encapsulation, with their respective
thermo-physical properties appropriate for wall construction, is given in Table 6.

Table 6. Thermo-physical properties of micro-/macro-encapsulations suitable for wall construction applications available
in the literature.

PCMs Core Shell Materials
Encapsulation
Efficiency (%)

Size of
Particles (μm)

Maximum
Latent Heat

(J/g)

Melting
Temperature

(◦C)
Ref.

N–octadecane

Polyurethane 93.4–94.7 5.0–10.0 110.4 28.0 [108]

Poly(methyl
methacrylate-co-methacrylic

acid) copolymer
12.0–21.0 1.60–1.68 93.0 29.0–32.9 [109]

poly(n-butyl methacrylate) &
poly(n-butyl acrylate) 47.7–55.6 2.0–5.0 112.0 29.10 [110]

Melamine Formaldehyde
co-polymer - 34.0 183.2 28.14 [111]

Silk fibroin 22.6–46.7 4.0–5.0 - 24.99 [112]

SiO2/PMMA 19.9–66.4 5.0–15.0 - 21.5–26.3 [113]

TiO2/PMMA 26.8–82.8 3.0–16.0 100.0 28.0–31.0 [114]

Resorcinol-modified melamine 44.0–69.0 5.0–20.0 146.5 26.5–28.4 [115]

SiO2/TiC(PMMA) 78.0 - - 17.2–19.4 [116]

Poly(MPS-VTMS) 58.7–76.0 - 166.7 17.4–18.2 [117]

Octadecylamine-grafted <88.0 - 202.5 27.4–27.5 [118]

SiO2 33.6 8.0 210.0 23.3–28.4 [119]

Calcium Carbonate (CaCO3) 22.4–40.4 5.0 - 28.1–29.2 [120]

TiO2 74.3–81.0 2.0–5.0 42.6 25.6–26.1 [112]
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Table 6. Cont.

PCMs Core Shell Materials
Encapsulation
Efficiency (%)

Size of
Particles (μm)

Maximum
Latent Heat

(J/g)

Melting
Temperature

(◦C)
Ref.

N-nonadecane
Poly(methyl methacrylate) 60.30 0.1–35.0 139.2 31.2 [121]

CaCO3 40.04 5.0 84.40 29.2 [120]

N-heptadecane Poly(styrene) 63.3 1.0–20.0 136.9 21.5 [121]

Starch 49.0–78.3 30.0–175.0 187.3 23.1–24.2 [122]

N-eicosane
Polysiloxane - 5.0–22.0 240.0 35.0–39.0 [123]

Crystalline TiO2 49.9–77.8 1.5–2.0 97.60–195.6 41.5–43.88 [124]

N-octadecane,
N-eicosane, and
N-nonadecane

Melamine-Urea-
Formaldehyde - 0.30–6.40 165 36.40 [125]

N-octadecane
(paraffin wax)

Melamine formalde
hyderesin 92.0 2.0–5.0 214.6 28.41 [115]

Paraffin
(MPCM24D)

melamine-formaldehyde
polymer - 10.0–30.0 154.0 21.9 [125]

Paraffin wax

Polystyrene 75.60 - 153.50 - [126]

Amphiphilic polymer
(PE-EVA-PCM) - - 98.1 28.4 [127]

Hydrophobic polymer
(St-DVB-PCM) - - 96.1 24.2 [127]

Paraffin eutectic poly(methyl methacrylate) 50.20–65.40 0.01–100 276.41 36.17 [128]

Butyl stearate Polyurethane - 10.0–35.0 81.20 22.30 [129]

Paraffin

Melamine-formaldehyde 80.0 5.8–339.0 147.9 21.0–24.0 [130]

Melamine-formaldehyde 80 10.4–55.2 147.9 22.5 [131]

Poly-methyl-methacrylate - 50.0–300.0 100.0 23.0 [66]

Ethylvinylacetate and
polyethylene - 3.0–10.0 100.0 27.0 [132]

polymethylmethacrylate - 6 135.0 23.0 [133]

Graphite-
modified
MPCM

Polycarboxylate 3.0–3000.0 [133]

6. PCMs for ‘Smart Wall’ Applications

As mentioned above, PCMs generally have a low coefficient of thermal conductivity
and therefore require the use of an additional heat transfer medium, such as metal inserts,
etc. This is a major disadvantage in their application and metal inserts are expensive.
These disadvantages can be eliminated through the direct application of PCMs in wall
surfaces. Thus, the use of wall panels containing PCMs in the building wall can provide
smooth temperature variations. The large surface area of the wall allows for a higher
thermal conductivity rate with the wall/room [22]. Another popular application is the use
of wall panels that contain PCMs within themselves. Wallboards are widely available and
economical, and the integration of PCMs into them is very promising. Kedl et al. [134]
and Salyer et al. [135] presented the concept of a wallboard impregnated with paraffin
wax by simply dipping the wallboard in paraffin wax. This process of PCM integration
into the wallboard by simply dipping it in PCMs involves minimal cost, and can be scaled
up to any size depending on the size of the wallboard [136]. Neeper et al. [137,138]
studied the dynamics of the thermal behavior of gypsum wallboard impregnated with
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fatty acids and paraffin PCMs. According to these authors, the thermal storage capacity
of the PCM-filled wallboards is sufficient to retain the thermal energy for the TES system.
Stetiu et al. [139] used a computer-aided simulation technique to investigate the thermal
performance of PCM-impregnated wall panels using finite element analysis (FEA) and
reported a number of parameters that should be considered, such as the wetting of the
PCMs on the wallboards, etc. Zhang et al. [106] investigated fatty acid impregnation and
reported direct energy savings of 5–20% [53]. Athienitis et al. [75] reported the results
obtained from both experimental and simulation approaches for a life-sized structure made
of PCM-impregnated wallboards. The tests were conducted outdoors with rooms made
of PCM gypsum boards containing about 25-wt% butyl stearate (BS) as the inner lining
of the wall. According to their simulation work, which was supported by experimental
results, the use of PCM in gypsum wallboard can reduce the room temperature by 4 ◦C
during the day compared to pure gypsum board. For the direct applications of PCMs
in building walls mentioned above, PCMs can be compressed into a sheet form and the
surface wrapped and sealed with foil material to prevent leakage. One such commercially
researched application is shown in Figure 15, developed by Energain®, which has been
achieved by the Dupont de Nemours Society, UK [140].

 
Figure 15. Energain® PCM panel wrapped and sealed in foil tape [141].

Microencapsulated PCMs (e.g., paraffin) can be mixed directly with gypsum and
used in the form of a panel, as shown in Figure 16 from Micronal® produced by the BASF
(Ludwigshafen, Germany). In this way, the wallboard can be used as a normal wallboard,
which is much more energy-efficient than one without PCMs in it [140].
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Figure 16. Micronal® PCM-integrated gypsum wallboard. This figure was redrawn based on [140].

Since bricks are one of the most commonly used construction materials to form
building walls, incorporating PCMs into bricks is an attractive way to use them with
builders and end users. PCMs can be mixed with cement paste or used as a stand-alone
PCM paste to fill the cavities of hollow bricks/blocks, as well as the interior plaster of the
wall. Figure 17 shows different types of hollow bricks and the construction of a building
wall with such bricks, together with the use of PCM paste to bond them. As recently
reported by Gao et al. [110], PCM-filled hollow bricks improve the thermal behavior of
building walls significantly. According to the authors [110], PCM-filled hollow bricks can
reduce the attenuation rate from 13.07% to 0.92–1.93%, together with increasing the delay
time from 3.83 h to 8.83–9.83 h. In other words, hollow bricks filled with PCM can reduce
the peak heat flux from 45.26 W/m2 to 19.19–21.4 W/m2. In addition, inner cavities were
the better choice for PCM and there was an extra phase-change extent of close to 90% in
favor of the different outdoor thermal environment.

 

Figure 17. Hollow brick, alveolar brick and wall structure by using PCMs.
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An example of the use of microencapsulated PCMs in the interior of plasterboard is
shown in Figure 18.

 

Figure 18. PCM usage as interior plaster on hollow building blocks.

A comparison of common wall-building materials in terms of their respective heat
storage capacities is shown in Figure 19. The heat storage capacity of PCMs far exceeds that
of all other building materials and is therefore promising as an efficient building material
in the present and future.

 
Figure 19. Heat storage capacity of different building materials between 18 ◦C and 26 ◦C for a period of 24 h. This figure
was redrawn based on [111].

27



Materials 2021, 14, 5328

6.1. Case Studies

According to Isaac et al. [142], based on their calculations using computer simulations,
GHG emissions for the residential sector only will increase from 0.8 Gt C in 2000 to about
1 Gt C in 2020 and then more than double (2.2 Gt) by 2100 [103]. Much of this can be limited
through the use of PCMs, which reduce the reliance on building heating/cooling, which
in turn reduces fossil fuel-related electricity generation. Looking at the consumption of
electrical energy, there is a staggering from 27 EJ (exajoule) of electricity consumption in
2000 to about 80 EJ (exajoule) in 2100 [103]. According to the International Institute of
Refrigeration (IIR), electricity consumption by refrigeration and air conditioning systems in
buildings accounts for about 15% of total electricity consumption [142–144]. Due to global
warming and climate change, as well as increasing demands in developing countries, more
and more buildings are being equipped with conventional air conditioning systems to
provide the necessary comfort. In this sense, the widespread application of PCMs in the
building sector could lead to savings, even if it can only cover a certain percentage of
energy consumption. According to Jeon et al. [6], this could account for up to 55% of the
total electricity consumption of buildings in cold climates such as in Korea [104], and the
use of PCMs has great potential to reduce dependence on the electricity grid. As reported
by Li et al. [14], heating, ventilation and air conditioning (HVAC) systems account for
about 48% of building-related energy consumption in the United States [15], and a large
portion of this can be managed by using PCMs in building wall construction. A summary
of various experimental studies on the use of PCMs as wall construction materials in the
last five years, as reported in the literature, is shown in Tables 7–10.

Table 7. Summary of different experimental studies in 2020 from the literature on wall applications.

PCMs Application in Building Walls Improvements Ref.

Paraffin wax

Two-wall models were tested; walls
were insulated with wood to achieve
one-dimensional heat transfer through
the walls.

The PCM layer provides a more uniform
temperature rise near the heat source of the
building wall, reducing the heat flow through
the downstream parts

[106]

OM37 PCM

The experimental setup consists of a
PCM-free reference concrete cubicle
and a PCM-macro-encapsulated
experimental concrete cubicle. The
cubicles were both installed in an open
area and are directly exposed to solar
energy

All four walls of the cubicle show more or less
the same temperature profile over 24 h. The
test walls of the cubicle interior surface
temperature remain below the daytime
temperature compared to the reference cubicle
walls

[107]

OM35 and Eicosane Brick

For the double PCM layer within the brick,
there is a heat loss of approx. 9.5 ◦C and for a
single-layer PCM brick a temperature
reduction of 6 ◦C.
The reduction of heat gain for double-layer
PCM bricks is observed up to 60% during the
day, and about 40% for single-layer PCM
bricks. However, this is not the case when the
heat is denied during the night by PCMs.
The use of small particles within the PCM
encapsulation has a detrimental effect as the
heat transfer increases sharply during the day.
In these bricks, the internal brick temperature
increases more than normal bricks during the
night and the PCM was not properly
dissipated.
Although heat dissipation during the night is
ensured by some secondary means other than
using the fin configuration, it may not be a
viable choice to increase the PCM thickness for
cooling a building space

[108]
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Table 8. Summary of different experimental studies in 2019 from the literature on wall applications.

PCMs Application in Building Walls Improvements Ref.

Paraffin wax Blocks made from foamed cement
with paraffin

(1) Additional paraffin can make the foamed cement
block more effective in storing thermal energy.
(2) The method of preparation and absorption is a
physical process. During the process shifts in the
thermal storage of molded cement, the thermal
storage properties and the chemical properties of the
paraffin are obtained.
(3) The thermal conductivity of the pure cement block
is similar to that of the foamed cement block with 20
percent to 25 percent composite PCM. Thirty percent is
the optimum mass ratio and displays the best thermal
inertness for foamed cement blocks with composite
PCM. They effectively slow down the temperature rise
and minimize temperature fluctuations, but higher
temperatures occur after process changes.

[113]

Paraffin wax
(SSPCM) SSPCM boards with EPS board

(1) It was found that the PCM wallboard keeps more
heat out of the room air during the day and releases it
at night through the heat flux of the wall.
(2) In summer, the room temperature in the PCM area
was 1.9 ◦C below the maximum temperature and 0.6
◦C below the average temperature in the reference
room.
(3) The inside environment temperature in the PCM
room in the summer was 1.9 ◦C below the maximum
temperature and 0.6 ◦C below the reference testing
room average temperature.
(4) In winter, the indoor air temperature in the PCM
space was 1.3 ◦C lower at altitude and 0.1 ◦C higher
on average than in the comparison room.
(5) It was found that the PCM wallboard stores more
heat from the indoor air during the day and releases it
from the heat flux of the wall surface at night,
resulting in less heat being released to the interior
during the day. In winter, the case is reversed and it
was found that the PCM wallboard stores more heat
from the outside air during the day and releases it at
night, resulting in more heat being transferred to the
inside of the wall at night

[109]

Fatty acids
G/C board consisting of inorganic
materials as well as gypsum and

cement.

They verified that the heat storage G/C board applied
with PCM was effective in reducing the energy inside
buildings.

[110]

PH-31 Paraffin wax Gypsum mortar

The thermal conductivity of conventional gypsum
wallboard increases gradually with an increase in
temperature. The integration of the micro-PCM into
the gypsum would minimize the thermal conductivity
on the MPCM-containing wallboard by reducing its
density and lowering its conductivity below the
density of the gypsum wallboard.
The composite wall panel has a much higher apparent
specific heat capacity than a gypsum wallboard (2.71
times in the 26 ◦C to 32 ◦C temperature range).

[116]

The microcapsules
with a paraffin core

and a melamine-
formaldehyde
polymer shell

Geo-polymer concrete walls

The annual energy savings from using walls with 15
cm GPC-MPCM (5.2 wt.%), a 5-cm PCM layer, and 5
cm insulation was approximately 28% compared to the
comparison by maintaining the indoor temperature of
19 ◦C–21 ◦C. The PCM layer performed better when
positioned closer to the outdoor climate.

[139]
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Table 9. Summary of different experimental studies in 2018 from the literature on wall applications.

PCMs Application in Building Walls Improvements Ref.

Paraffin wax Brick wall

(1) PCMs in structures have been used as thermal
insulating products and increased thermal comfort.
(2) PCM decreases the temperature of the indoor
environment and lowers the cooling charge.

[117]

Calcium chloride
hexahydrate (CaC12

· 6H2O)

Concrete walls contain glass
windows with different positions

(inside, center, outside)

The use of the PCM in the walls greatly reduced the
heat transfer rate and the average internal surface
temperature during the working hours. Liquid
fraction analysis was performed to determine the
effective fraction of the total PCM that could be used
to build the PCM layer in the most efficient manner.
The heat reduction ratio was used as a measure of the
performance of the PCM substrate, varying the shape,
thickness, and PCM locations

[118]

(PCM) used is a
mixture of

ethylene-based
polymer (40%) and
paraffin wax PCM

(60%).

Aluminum sheet

A considerable reduction of thermal losses around the
walls. These losses are decreased by 50 percent on
average.
When placed on a ceiling the PCM is more effective.

[119]

Wallboard
PCM wall panel has been called low convection heat
wallboard, low relative thermal conductivity or low
heat ratio wallboard.

[122]

BASF Micronal® DS
5038X

Precast concrete

Not only because of the direct effect of replacing the
heavier mixture fraction with the lighter one, but also
because the compressed air increases with the
implementation of increasing PCM volumes, a
statistically important reduction in density is
produced by the concentrations of microencapsulated
PCM.

[123]

Table 10. Summary of different experimental studies in 2017 from the literature on wall applications.

PCMs Application in Building Walls Improvements Ref.

Paraffin wax Cement mortar

Only because of the small and fixed-phase
temperature range, the composite PCM wall can work
efficiently. The advantages of the PCM insert should
be optimized by selecting a suitable melting point
under appropriate test conditions.

[124]

Paraffin wax Brick holes

The following was observed: the n-octadecane PCM
decreases the cooling rate for the first day in the
evaluation by more than 50% compared to the other
PCM blocks, with n-eicosane causing a reduction of
about 40% and the P116 causing a reduction of about
30%.

[126]

6.2. Cost-Benefit Analysis of the Use of PCM

The design of buildings, whether commercial or residential, depends on a number
of factors, and in the end, it is the consumer’s decision whether to choose PCMs over
conventional insulation or a combination of both together with an efficient HVAC system.
This decision also depends on local conditions and specific requirements. In Australia, for
example, the cost of integrating PCMs is about AUD 55–110 per square meter, compared
with about AUD 10/square meter of conventional insulation. If the building size is large
enough, the cost of installing PCMs can break the budget. A number of commercial suppli-
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ers (e.g., BioPCM) offer readymade PCM products, in the form of sealed pouches/pallets.
The weight of these pouches/pallets varies from 2.7 kg/square meter with a transition
temperature in the range of 18 ◦C to 28 ◦C from solid to molten state. Typical recommended
consumption by suppliers is 1–2 kg of PCM per cubic meter of room volume with a heat
storage capacity in the range of 1.1 MJ/m2 (0.3 kWh/m2) [62]. The other potential benefits
of using PCM as building materials are as follows:

1. The use of PCMs may be advantageous in terms of comparable pricing to very
expensive double/triple glazing.

2. The use of PCMs has helped improve the energy rating of buildings from 7.8 to 9 stars
through the use of PCMs together with conventional insulation [62].

3. Since PCMs operate as passive heating/cooling materials, no power consumption
is required compared to active heating/cooling (e.g., air conditioning). Thus, in the
event of a power outage (both natural and system-related), the comfort level in the
rooms can be maintained within the desired temperature range, at least for a certain
number of hours. This makes it possible to keep the demand for electrical energy low
while the repair of the system is carried out.

The use of PCMs also helps to reclaim more floor space, as the footprint is smaller
(in the range of 50 mm) than conventional masonry, which can be up to 150 mm high [13].
PCMs are one of the available options, along with conventional insulation, efficient glazing,
etc. [62]. A list of commercially available PCMs from different manufacturers with their
respective thermal properties is given in Table 11.

Table 11. Thermal properties of commercial PCMs used in different wall components, as discussed in the literature.

PCMs Location
Tm

(◦C)
K

(W mK−1)
H

(kJ kg−1)
ρ

(kg m−3)
Type of Wall Method PCM Supplier Ref.

RT 10 Guimarães,
Portuga 10.0 - 150.0 880.0 Plaster mortar for

exterior wall
Experimental
and numerical

Rubitherm
GmbH [136]

RT 18

Shanghai, China 17.0–19.0 0.20 225.0 770.0 Wallboard Experimental
and numerical

Rubitherm
GmbH [136]

Various
Portuguese cities 15.0–19.0 0.20 134.0 0.756 Masonry brick Experimental

study
Rubitherm

GmbH [29]

RT 20

- 18.0–22.0 0.20 172.0 810.0 Gypsum
wallboards

Computer
simulation

Rubitherm
GmbH [136]

China 23.2 - 134.1 - Gypsum
wallboards

Gypsum
wallboards

Rubitherm
GmbH [85]

RT
20/MMT China 24.2 - 53.60 - Gypsum

wallboards
Gypsum

wallboards
Rubitherm

GmbH [85]

RT 21

Puigverd de
Lleida, Spain 21.0 0.20 134.0 0.770 Prefabricated

Slab Concrete
Experimental
and numerical

Rubitherm
GmbH [133]

Puigverd de
Lleida, Spain 21.0–22.0 - 134.0 - Prefabricated

Slab Concrete
Experimental

study
Rubitherm

GmbH [136]

Sydney, Australia 21.0 0.20 - 880.0 Trombe walls Experimental
study

Rubitherm
GmbH [133]

RT 25
Raebareli Uttar

Pradesh &
Bhopal, India

26.6 0.18 232.0 749.0 Building bricks Numerical Study Rubitherm
GmbH [144]

RT 27

Spain 27.0 0.12 100.0 -
Geopolymer
concrete &

Cement concrete

Experimental
study

Rubitherm
GmbH [136]

Lawrence,
Kansas, USA 27.0 0.20 179.0 760.0 Gypsum

wallboard
Experimental
and numerical

Rubitherm
GmbH [144]

Sydney, Australia 25.0–28.0 0.20 - 880.0 Trombe walls Experimental
study

Rubitherm
GmbH [136]

RT 31 Sydney, Australia 27.0–31.0 0.20 - 880.0 Trombe walls Experimental
study

Rubitherm
GmbH [133]

RT 42

- 38.0–43.0 0.20 174.0 760.0 Solar chimney Experimental
study

Rubitherm
GmbH [144]

Sydney, Australia 38.0–43.0 0.20 - 880.0 Trombe walls Experimental
study

Rubitherm
GmbH [136]
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Table 11. Cont.

PCMs Location
Tm

(◦C)
K

(W mK−1)
H

(kJ kg−1)
ρ

(kg m−3)
Type of Wall Method PCM Supplier Ref.

RT 22 HC Ljubljana,
Slovenia 21.0–22.0 0.18 134.0 677.0 Wallboard Experimental

and numerical
Rubitherm

GmbH [133]

RT 28 HC

Coimbra,
Portugal 28.0 0.20 245.0 756.0 Trombe wall Experimental

study
Rubitherm

GmbH [144]

Coimbra,
Portugal 27.55 0.20 258.1 - Trombe wall Experimental

study
Rubitherm

GmbH [133]

GR 35 Erzurum, Turkey 13.0–41.0 - 41.0 - Trombe wall Experimental
study

Rubitherm
GmbH [144]

GR 41 Erzurum, Turkey 13.0–51.0 - 55.0 - Trombe wall Experimental
study

Rubitherm
GmbH [144]

SP29 Shanghai, China 28.0–30.0 0.60 190.0 1520.0 Wallboard Experimental
and numerical

Rubitherm
GmbH [136]

PEG-600

France 21.0–25.0 - 148.0 1128.0 PVC panel Experimental
and numerical - [34]

Slovenia 18.0–27.0 0.20 330.0 - Wallboard Simulation Rubitherm
GmbH [144]

Micronal®

PCM
Puigverd de
Lleida, Spain 26.0 - 110.0 - Concrete walls Experimental

study BASF [144]

ENERGAIN Lyon, France 23.5 0.22 107.5 900 Wallboard Experimental
study

Dupont de
Nemours [85]

Methyl
Palmitate
(Emery
2216)

Canada 24.0–28.0 - 192.0 - Wallboard Experimental
study Henkel [51]

Methyl
Stearate
(Emery
2218)

Canada 33.0–36.0 - 196.0 - Wallboard Experimental
study Henkel [51]

MC-24 Guimarães,
Portuga 24.0 - 162.40 - Plaster mortar for

exterior wall
Experimental
and numerical

DEVAN (MC
series) [136]

MC-28 Guimarães,
Portuga 28.0 - 170.0 350 Plaster mortar for

exterior wall
Experimental
and numerical

DEVAN (MC
series) [136]

BSF26 Guimarães,
Portuga 26.0 - 110.0 - Plaster mortar for

exterior wall
Experimental
and numerical BASF [136]

GH 20 Shanghai, China 25.0–25.4 0.82 33.25 1150.0 Shape-stabilized
mortar bricks

Experimental
study - [133]

Energain®

Coimbra,
Portugal 18.0–26.0 855 70.0 2500.0 Drywalls Experimental

and numerical
DuPont™

[133]

Bayern, Germany - 0.18–0.23 - 855.0 Insulation in
lightweight walls

Experimental
and numerical [144]

Q25-
BioPCM™

Melbourne
Australia 28.2 0.20 242.0 235.0

Internal and
external building

walls

Experimental
and simulation

Phase Change
Energy Solutions,

Inc.
[133]

Micronal®

DS
(5001-X)

Coimbra,
Portugal 25.67 0.15 111.3 - Trombe wall Experimental

study BASF [144]

Spain 26.0 - 179.0 - Gypsum and
Portland cement

Experimental
study BASF [133]

PEG-E600 Madurai, India 25.0–31.0 - 180.0 1126
Inside

hollow-brick
façades

Experimental
study BASF [35,

36]

L-30 Würzburg,
Germany 30.0 1.02 270.0 - Building walls Experimental

study
Rubitherm

GmbH [133]

S-27 Würzburg,
Germany 27.0 0.48 190.0 - Building walls Experimental

study
Rubitherm

GmbH [133]

PCM-
HDPE USA 16.6–26.5 - 116.7 505.3 Insulation in wall

cavities
Experimental
and numerical

PCM Products
Ltd. [63]

GKB® Athens, Greece 16.0–26.0 0.27 - 787.0 Plasterboards Experimental
study Knauf [133]

Micronal-
T23® Southern Italy 19.0–25.5 0.18–0.22 - 545.0 Wallboard Experimental

study BASF [136]

Micronal® Chile 25.0 0.23 - 800 Gypsum board Simulation study Knauf [144]

PT-20 Auckland, New
Zealand 20.0 - 180.0 - Gypsum board Experimental

study PureTem [133]
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Table 11. Cont.

PCMs Location
Tm

(◦C)
K

(W mK−1)
H

(kJ kg−1)
ρ

(kg m−3)
Type of Wall Method PCM Supplier Ref.

Emerest
2325

Montreal,
Canada 17.0–20.0 - 137.8 - wallboard Experimental

study Henkel [86]

Emerest
2326

Montreal,
Canada 15.0–25.0 - 101.0 - Autoclaved block Experimental

study Henkel [87]

MF/PCM24 Oslo, Norway 21.8 0.02–0.10 154.0 -

Insulation
material &

Geopolymer
concrete

Experimental
study Microtek [139]

Micronal
DS-5008X

Lisbon & Porto,
Portugal 23.0 0.30 100.0–

110.0 300.0 Plastering Mortar Numerical study BASF [88]

Micronal
DS-5040X Australia 23.0 - 100.0 250.0–

350.0
Cement-based

materials
Experimental

study BASF [133]

Micronal
DS-5008X Portugal 23.0 - 135.0

Cement, lime,
and gypsum

mortars

Experimental
study BASF [133]

MicronalTM

Thermal-
CORE

United States 23.0 0.20 24.2 800.0 Drywall Experimental
study ThermalCore Inc [133]

M-51 United States 23.0 0.15 230.0 860.0 Plastic foil inside
wallboard

Experimental
study Bio-PCM [133]

InfiniteRTM United States 23.0 0.54 200.0 1810.0 PE foil bags
inside wallboard

Experimental
study

Infinite Business
Solutions [133]

M182Q25 Canada 25.0 0.15–2.5 210.0–
250.0 - Building walls

and concrete slab
Experimental

study Bio-PCM [144]

M51Q25 Canada 25.0 0.15–2.5 210.0–
250.0 - Building walls

and concrete slab
Experimental

study Bio-PCM [136]

PureTemp-
20

Los Angeles,
USA 10.0–28.0 0.21 100.0–

400.0 860.0 Concrete
composites walls

Experimental
study

Entropy Solution
Inc. [144]

SP 25-A8 Spain 26.0 0.60 180.0 1380 Hollow bricks Experimental
study

Rubitherm
GmbH [30]

7. Conclusions and Future Perspectives

In TES systems, PCMs play an important role and research on them is in the devel-
opment stage, attracting interest and funding worldwide. The use of PCMs as building
materials is a growing trend aiming to limit the energy consumption of buildings, and the
direct use of PCMs in building walls is the most favorable. The most common PCMs fall
into the category of organic, inorganic or eutectic PCMs with their respective advantages
and disadvantages. Inorganic PCMs must be coupled with suitable binders (nucleation
and thickening) to avoid phase segregation and sedimentation due to subcooling. For
this purpose, considerable efforts are being made both in laboratories and in commercial
companies to find versatile and efficient binders. Direct applications of PCMs are more
desirable than that of micro/macro encapsulation, not only from an economic point of
view, but also in terms of performance. There is still a long way to go to discover new types
of PCMs and make them compatible with other common building materials in terms of
cost. In the meantime, existing PCMs require more attention in the following aspects:

(a) Due to a huge number of mega projects and a strong demand in the Saudi housing
and entertainment industries, the growth of the construction industry in the next
years will become more significant. The adoption of new creative technologies and
processes, such as integrating PCMs into building walls in the building sector, has
therefore become an essential need to increase highly efficient structural operations.

(b) Novel and efficient encapsulation techniques for PCMs, such as UV-based encapsula-
tion process of hydrated salts and paraffin waxes require further investment in terms
of their stability over time in real-life applications.

(c) More information on the thermal and physical properties of PCMs is expected, espe-
cially in the area of their thermal stability during prolonged freezing/cooling cycles.
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The dispersion of nanoparticles can have a positive effect on thermal stability, which
has been underestimated in previous research.

(d) The corrosive properties of PCMs is another area where more research is planned. If
PCMs lose their anti-corrosive properties with time, this could prove disastrous and
appropriate measures should be taken beforehand.

(e) Finally, yet importantly, PCMs are not a substitute for conventional insulation materi-
als; therefore, possibilities to combine the use of PCMs with conventional insulation
materials should be investigated. One solution for this may be the direct integration
of PCMs into insulation materials.
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Glossary

Acronyms Symbols
TES Thermal energy storage CO2 Carbon-dioxide
GHG Greenhouse gases Sn Tin
PCM Phase change material α Alpha
PAR Paraffin wax β Beta
BS Butyl stearate CaCl2.6H2O Calcium chloride
TDI Toluene-2,4-diisocyanate CaCO3 Calcium carbonate
EDA Ethylenediamine
PMMA Poly-methyl-meta-acrylate
SEM Scanning electron microscope
DSC Differential scanning calorimetry
HDPE High-density polyethylene
HVAC Heating, ventilation, air conditioning
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Abstract: Thermal-Energy Storage (TES) properties of organic phase change materials have been
experimentally investigated and reported in this paper. Three paraffin-based Phase Change Materials
(PCMs) and one bio-based PCM are considered with melting temperatures of 24 ◦C, 25 ◦C and
26 ◦C. Sensible heat storage capacities, melting characteristics and latent heat enthalpies of the
studied PCMs are investigated through Differential Scanning Calorimetry (DSC) measurements. Two
alternative methods, namely the classical dynamic DSC and a stepwise approach, are performed and
compared with the aim to eliminate and/or overcome possible measurement errors. In particular, for
DSC measurements this could be related to the size of the samples and its representativity, heating
rate effects and low thermal conductivity of the PCMs, which may affect the results and possibly
cause a loss of objectivity of the measurements. Based on results achieved from this study, clear
information can be figured out on how to conduct and characterize paraffin and bio-based PCMs, and
how to apply them in TES calculations for building applications and/or simulations. It is observed
that both paraffinic and bio-based PCMs possess a comparable TES capacity within the selected
phase transition temperature, being representative for the human thermal comfort zone. The phase
change of bio-based PCMs occurred over a much narrower temperature range when compared
to the wider windows characterizing the paraffin-based materials. Bio-based PCMs turned out to
be very suitable for building applications and can be an environmentally friendly substitute for
petroleum-based PCMs.

Keywords: thermal-energy storage (TES); phase change materials (PCMs); latent enthalpy; melting
temperature; differential scanning calorimetry; IEA method

1. Introduction

The global challenge to strongly cut back the use of fossil fuels with the aim to implement
renewable resources and to neutralize greenhouse gas emissions make energy efficiency a key issue that
is at the center of our society [1,2]. According to the EU commission, heating and cooling the residential
and non-residential sector accounts for half of the EU’s energy consumption, while about 84% of it
is still generated from fossil resources [3]. Since the introduction of the new EU Buildings Directive
2019/2021 [4], all member states are obliged to guarantee that all new constructions are designed as
“Nearly Zero Energy Buildings” (NZEBs), from the beginning of 2021. This obligation has been already
applied to non-residential buildings from the beginning of 2019. Therefore, the development of new
and smart energy storage solutions and technologies, with the aim to use environmental thermal
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energy more efficiently, and to balance out daily heating/cooling demands, are worth investigation for
building applications [5,6].

One promising technique available for Thermal Energy Storage (TES) applications is by
implementing Phase Change Materials (PCMs) in construction and building composites [7]. PCMs can
be used to store large quantities of heat, not only through their sensible capacity, but also (sometimes
predominantly) via their latent storage property [8]. As PCMs are capable of storing large amounts of
latent heat at constant temperature, they are contributing to the energy efficiency and thermal comfort
of residential and non-residential buildings, by balancing out daily environmental heat demands [9].
Consequently, the passive storage/release of latent heat through phase transitions from solid to liquid
or vice versa, allows to save considerable amount of primary energy [10]. The principle of latent TES
can be employed in a wide range of applications [11], such as, solar heating systems [12], building air
conditioning [13], building envelope [14], production of energy-saving cementitious composites [15]
and high porous insulation systems [16], waste heat recovery in residential and non-residential
sectors [17], and many other applications [18].

Designing large-scale practical applications for passive latent thermal energy storage systems
requires in-depth knowledge on the thermal characteristics of PCM before, during and after its phase
change. Therefore, an accurate and correct determination of the thermal properties of PCM systems is
crucial to efficiently design composite systems or devices that use latent TES [19].

Differential Scanning Calorimetry (DSC) is an effective method to characterize the thermal behavior
of PCMs, and to determine their TES capacities, in terms of transition temperature, enthalpy and
specific heat, and its stability throughout the various melting and crystallization cycles. The heating
and cooling rates of DSC measurements are typically much faster than in real applications, while
the sample mass is also very small (less than 90 mg), which might lack representativity for real size
applications [20,21]. Some commercially calorimeters are already available on the market for measuring
and analyzing larger sample masses with a very high precision and adopting quite low heating rates
(as low as 0.01 K/min). Actually, samples with a large mass implicitly show a lower error ratio resulting
from reduced sample inhomogeneity. However, larger samples may also strongly affect the course
of the measured phase change temperatures (i.e., the onset temperature or the maximum one). It
follows that DSC measurements can be affected by changing the heating/cooling rate and/or sample
mass. They mainly influence the thermal equilibrium status in the sample, thus producing a shifting
of the phase change temperature and also lead to non-realistic shapes of the heat capacity and/or
enthalpy temperature responses h(T) [22]. Moreover, DSC test results depend on further factors such
as sample preparation, correct calibration of the experimental set-up, and many other factors that
should, in fact, be standardized in order to achieve comparable and objective results, under different
test environments [23]. Therefore, developing an appropriate and objective methodology, in this field,
is essential to improve the accuracy of the PCM characterization procedure and to make measurement
errors negligible [24].

An alternative method that overcomes the aforementioned DSC limitations (i.e., mass influence
and heating rate effects) is the T-History Method (THM), which was originally developed by Yinping
and Yi [25]. The method records the time–temperature evolutions of PCM samples against a well-known
reference material, usually water. THM easily allows to evaluate the heat capacity, temperature of
melting/crystallization, enthalpy and phase change temperature. The accuracy and soundness of
this method was evaluated by many researchers, see for example [26–28]. Hong et al. [29] verified
the accuracy of a modified THM for several PCMs, having different freezing patterns. A further
improvement of the THM measurement technique was developed by Stankovic and Kyriacou [30]. A
procedure to numerically correct the enthalpy-temperature response of PCMs obtained from THM
was developed by Tan et al. [31]. Then, a critical comparison between DSC and THM was done by
Rathbeger et al. [32]. The authors mainly concluded that the key difference between both methods is
represented by the sample size of the investigated material, and the temperature profile to which they
are subjected. THM samples are much larger than DSC samples (about 1000 times), while also constant
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heating and/or cooling temperatures are applied. In addition, THM minimizes heating/cooling rate
effects, overcomes sample size issues and can be used for low thermal conductivity samples. The only
drawback of THM, which is actually crucial for standardized measurements and test procedures, is
that the accuracy of the lab results largely depends on the measuring procedures and the self-built
calorimeters. For this reason, measurements from different laboratories can differ a lot and are generally
not comparable [33].

The main objective of this work is to investigate the thermo-physical properties and heat storage
capacity of a representative organic bio-based (non-paraffin) PCM, in terms of phase-change enthalpy,
specific heat capacity and melting temperature, using different experimental setups. The influence
of various parameters, involved in DSC measurements, are compared with results done on three
comparable paraffin waxes. The measurements are carried out in accordance with the currently available
standard of the International Energy Agency (IEA), i.e., under the Task 42 Annex 29, to characterize
the thermal-energy properties of the PCMs under discussion. Heat-flux DSC dynamic measurements
and DSC stepwise procedures are considered and compared to scrutinize the aforementioned aims.

To the Authors’ best knowledge, only a few studies on thermal analysis (even under the still not
published final version of the IEA-SHC 42 Annex 29 Standard for common PCMs) are so far available
in scientific literature dealing with the use of bio-based PCM. Moreover, no Standard is currently
available on the thermal analysis of organic PCMs, but there are some discussions going on in this
direction. In this context, with the current paper, the authors like to contribute to this discussion by
presenting the differences in DSC responses between three commonly used petroleum-based PCMs
(paraffinic) and one novel bio-based PCM. Especially highlighting the differences in TES characteristics
and data of various kinds of PCMs, in a general sense. Thus, this document tried to examine if the
currently employed procedures can also be applied to other types of PCMs, such as the considered
bio-based one investigated in this work. In addition, the presented results lead to demonstrate the
feasibility of completely substituting petroleum-based PCMs with a more environmentally friendly
bio-based one. This aspect may open doors for a new scenario in research for developing novel PCMs,
that can be employed in thermal storage materials for building construction materials, which can be
more sustainable, eco-friendly and energy-saving.

The paper is structured as follows: Section 2 reports Materials and Methods of the experimental
program and outlines the key thermophysical characteristics of the investigated materials and shows
the overall experimental program. Then, in Section 3, the experimental results for both paraffin and
bio-based PCMs are described following the dynamic DSC procedure. Section 4 outlines the results of
the stepwise approach where some comparisons between the two alterative procedures are conducted
to characterize the TES of the PCMs. Finally, concluding remarks and future developments of this
research are addressed in Section 5.

2. Materials and Methods

In this section, the employed materials, methods and experimental program, considered for
analyzing the TES properties of the selected PCMs, are presented. Particularly, two types of organic
phase change materials are analyzed, namely three Paraffin Waxes and one Bio-based PCM, which
have physical, kinetic, chemical and economic relevance for constructions and building application in
civil engineering [34,35].

2.1. Paraffin Wax

Three commercial paraffin-based waxes (RT-series® by Rubitherm GmbH, Berlin, Germany) are
used as reference PCMs. These commercial products, having a melting temperature Tm that ranges
between 22 ◦C and 26 ◦C (suitable for enhancing the thermal comfort in building applications) are
selected for this study. More specifically, RT24, RT25 and RT26 are taken into consideration which are
characterized with a Tm of 24 ◦C, 25 ◦C and 26 ◦C, respectively.
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2.2. Bio-based PCM

One bio-based PCM has also been investigated in this work as an eco-friendly alternative to
the petroleum-based paraffin wax. The bio-based material, viz. PureTemp25 by PureTemp LLC
(Minneapolis, MN, USA), made of natural oils with a Tm of 25 ◦C, is used, while its results can be
directly compared to RT25. The thermal properties of the RTs and the bio-based PCM are listed in
Table 1.

Table 1. Properties of RT24, 25, 26 and PureTemp25 as given by manufacturers´ datasheets [36,37].

Properties RT24 RT25 RT26 PureTemp25

Tm (main peak) [◦C] 24 25 26 25

Density liquid [kg/L] 0.77 (40 ◦C) 0.76 (at 40 ◦C) 0.75 (at 30 ◦C) 0.86

Density solid [kg/L] 0.88 (15 ◦C) 0.88 (at 15 ◦C) 0.90 (at 20 ◦C) 0.95

Specific Heat Capacity (liquid) [kJ/kg×K] - - - 2.29

Specific Heat Capacity (solid) [kJ/kg×K] - - - 1.99

Spec. Heat Capacity [kJ/kg×K] 2 2 2 -

Heat storage capacity [kJ/kg] 160 (16–31 ◦C) 170 (16–31 ◦C) 180 (19–34 ◦C) 187 *

*Measurement interval not available in the Datasheet.

2.3. Methods

This section reports the methods used to investigate the TES properties of the PCMs presented
in Sections 2.1 and 2.2. Two alterative heat-flux DSC methods (Figure 1), namely the dynamic and
a stepwise method, have been considered for this purpose. The German Standards DIN 51005 [38]
and DIN 51007 [39] have been considered as a reference to perform the DSC tests (generally applied
for this test method to any kind of material), while, the IEA standard procedure [40] is followed to
determine the heat storage capacity of PCMs.

Figure 1. (a) Differential Scanning Calorimetry (DSC) 214 Polyma equipment from company Netzsch
(Selb, Germany, with a T work range−170 ◦C to 600 ◦C — Heating/Cooling rate 0.001 K/min to 500 K/min
— Indium Response Ratio > 100 mW/K — Resolution (technical) 0.1 μW — Enthalpy precision ±0.1%
for indium, ± 0.05% to ±0.2% for most samples), (b) aluminum sample holders (maximum volume
capacity of 40 μL) and (c) position into the DSC device.

Characterizing the PCMs was done by measuring three cycles over three different temperature
ranges: (i) solid phase (−20 to 10 ◦C); (ii) phase change/transition (melting and/or crystallization),
(10 to 30 ◦C); and (iii) liquid phase (30–60 ◦C). Figure 2 shows these three ranges that occur during the
DSC heating/cooling tests, and also describes the typical enthalpy and specific heat capacity evolutions
of non-isothermal PCMs.
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Figure 2. Separation of the measurements in 3 phases: (i) heat (sensible) capacity in solid phase, (ii) heat
(latent) capacity under phase change, and (iii) heat (sensible) capacity in liquid phase according to DIN
EN ISO 11357-3 [41].

It may be worth highlighting that only for the dynamic DSC tests, and following the IEA
indications [40], each sample measurement consisted of 3 (DSC) cycles over the pre-defined temperature
range (−20 to 60 ◦C). Particularly, the first cycle was performed to eliminate previous thermal histories
of the specimen; the second cycle was carried out to identify the TES characteristics; and finally, the
third one was done mainly to check the reproducibility of the results and the possible appearance of
cyclic chemical instability of the material.

2.3.1. Dynamic DSC Method and Evaluation of TES Parameters

The most common way to operate DSC tests is by performing the experimental procedure with
a constant heating/cooling rate. This is known as “dynamic DSC”, since the heat transfer (energy)
is evolving without a necessary thermodynamic equilibrium inside the analyzed sample. However,
DSC measurements with a fast and dynamic process and occurrence of phase change phenomena
can be affected by this lack of thermodynamic equilibrium, and, hence can provide non-realistic
enthalpy temperature data h (T). The shape of the latter can be largely affected while the melting point
may be systematically shifted towards higher values for the heating cycles, or lower crystallization
temperatures for the cooling process.

This will result in significant errors in the temperature-dependent measurements, such that the
heat supply/release, referred to each temperature record, cannot be objectively attributed to the real TES
values. For this reason, carrying out measurements with different heating rates and mass variations can
provide good information about the influence of the measured variables, detects the needed thermal
equilibrium status of the material and verifies the soundness of the measured data.

From a practical point of view and to avoid the above-mentioned complications, the heating (or
cooling) rate must be low enough to allow the sample to be measured close to the various isothermal
states and with reasonable accuracy. The procedure described in the IEA standard [40] gives some
direction in this sense and it was used to control/solve heat rate issues. This was done by changing
the heating rate slowly from 10.0 K/min (high rate) to 0.125 K/min (low rate), or even lower, until
the temperature difference between two inflection points of consecutive enthalpy curves (i.e., the
peaks of the corresponding cp-T curves), is lower than a predefined threshold (normally fixed by the
standard to 0.2 K). Thus, the maximum permissible heating rate will be the minimum heating rate
of two consecutive heating curves which comply with the above criterion [40]. A heating rate of
10 K/min was adopted for the measurements in the sensible range following the DIN 51007 [39]. In
these measurement conditions, large quantity samples were tested in order to achieve a proper signal
from the device.
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The enthalpy change (at both sensible and latent stage), dH(T), of a sample, can be evaluated by
integrating the heat flow registered during the DSC measurements. It can be assumed that a small
variation of enthalpy dH (or the specific one, dh) is equal to a small amount of heat dQ (or the specific
one, dq) added/released [42,43]. This is valid for those processes characterized at constant pressure, as
it happens during DSC experiments.

Therefore, it can be written that:

dH = dQ mspdh = mspdq (1)

being
dq = csp

p · dT (2)

where msp is the sample mass, chosen as small as possible to comply with the instrument-specific
requirements and to reach the state of equilibrium more quickly [39]. However, msp should be large
enough to guarantee the representativity of the material sample. Furthermore, dT represents a small
variation of temperature, and csp

p (T) the specific heat capacity.
Based on the recorded heat flow (DSC signal), the specific heat capacity of the sample csp

p (T) can
be easily determined from Equation (2), as follows

csp
p =

dq
dT
−−−−−−−−−−−−→
under finite ΔT

csp
p =

Δq
ΔT

(3)

while the enthalpy variations have been directly evaluated from Equation (1).
In general, changes in enthalpy (latent heat) or the specific heat capacity (sensible heat) of

an examined sample are determined by recording the absorbed heat between two equilibrium
states, assigned as baselines of the acquired measurement curves. It is worth highlighting that the
baseline-construction due to the specific heat capacity, measurements outside its melting range, is
determined by performing three measurements: (1) empty measurement, (2) calibration measurement,
and (3) real sample measurement for each temperature range (more details are available in [39]). This
is due to the correction of measurement results possible affected by asymmetries and to compensate
device specific errors.

2.3.2. Stepwise DSC Method and Evaluation of TES Parameters

A stepwise method is used as an alternative for reducing the heating rate effect that is affecting
the measurements of dynamic DSC tests. In the stepwise procedure, the net heat applied in a certain
temperature interval, is the same as the amount considered in the dynamic DSC tests (see Figure 3a,b).
However, the whole interval is sub-divided into small sub-steps. This will favor the accumulation
time to reach the thermodynamic equilibrium, between each temperature step, and will improve the
temperature resolution (indicated in Figure 3b), which was assumed to be 1 K in this study [44]. In this
procedure, isothermal (equilibrium) states are always awaited between two subsequent temperature
steps (i.e., 1 K). The waiting needed to reach this state of equilibrium mainly depends on the selected
(temperature) step and can only be determined empirically. In this work, the waiting times were taken
10 min at the beginning of the melting and 20 min by reaching the melting peaks. More details are
described in Section 4.

The total specific heat, supplied over the individual intervals, is obtained by summarizing the heat
increments supplied at each sub-step Δqstepwise. Thus, the experimental approach used in the stepwise
method to analyze the h(T) response of the materials, along with the melting peak temperature Tm,
follows the same relationships as proposed for the dynamic DSC test:

ΔH = mspΔh = mspΔqstepwise (4)
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Figure 3. T(t) program for (a) dynamic DSC method and (b) stepwise DSC method.

2.4. Experimental Program

For the measurement of each parameter pair (cp, h) three samples per material (paraffin-based
RT24, RT25, RT26 and bio-based PureTemp25, as shown in Figure 4) were taken into account. Table 2
reports an overview of the full experimental program considered for the dynamic and stepwise method,
respectively. The table gives information regarding the considered heating/cooling rates (in both
dynamic and stepwise methods), which range from 10 K/min to 5 K/min, 2 K/min, 1 K/min, 0.5 K/min,
0.25 K/min, and 0.125 K/min. Furthermore, the investigated parameters, considered masses and test
type of DSC method are also highlighted in the table.

Figure 4. DSC specimens for the measurement of specific heat capacity and enthalpy of Phase Change
Materials (PCMs) following the dynamic and stepwise procedures.

Table 2. Samples, heating rates, investigated parameters and DSC test-type applied in this study.

Tests Materials (Mass Values in mg)

RT24 RT25 RT26 PureTemp25

Dynamic Heat Rate (R), (R: 10,
5, 2, 1, 0.5, 0.25, 0.125 K/min)

P1 P3 P3 P1 P2 P3 P4 P1 P2 P3 P1 P2 P3 P4
� - - � - - - � - - � - - -

18.8 17.2 17.7 18.9

Dynamic Sample Mass
(R: 0.125, 0.25 K/min)

- - - � � � � - - - � � � �

16.3 18.4 18 7.9 18.9 19 17.7 10.1

Dynamic - Enthalpy
Temperature h (T)
(R: 0.125 K/min)

� � � � � � - � � � � � � -
13.3 16.5 16.9 16.3 18.4 18 17.7 18.5 16.1 18.9 19 17.7

Dynamic - Heat Capacity cp

(T) (R: 10 K/min)
� � � � � � - � � � � � � -

14.3 16 16.1 17.2 18.4 18 16.4 18.9 12.4 10.5 18.9 18

Step-wise Heat Rate (R:2, 1,
0.5, 0.25, 0.125 K/min)

- - - �

16.3 - - - - - - �

18.9 - - -

Step-wise - Enthalpy
Temperature h (T) (R: VAR)

- - - �

16.3 - - - - - - �

18.9 - - -

Abbreviations in table: R: heating Rate; h: enthalpy; cp: specific heat capacity; VAR: variable; RT: RubiTherm.
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3. Dynamic DSC Results

3.1. Heating Rate Effect

Dynamic DSC tests were performed for all PCMs (3 paraffin-based and 1 bio-based), considering
several heating rates (ranging from 10 K/min to 0.125 K/min) and various masses. The effect of the
heating rate, between 10 ◦C to 50 ◦C, was investigated for only one of the samples per each PCM type
(labelled as P1 in Table 2 of either RT24, -25, -26 or PureTemp 25).

Figures 5–8 show the resulting cp(T) and h(T) (latent-only) curves of the samples abovementioned.
It can be observed that the melting temperature Tm, defined as the temperature at which the maximum
peak of the cp(T) curve is registered, of all four samples mainly depends on the heating rate. Tm is
shifting progressively to lower values with decreasing heating rates. When comparing the different
DSC measurements of each sample, the influence of the heating rate on the curves becomes clearly
visible. It may be worth mentioning that even the cp(T) and h(T) (latent-only) curves are largely
influenced by the rate of heating during the melting transition, the related measured total specific
latent heat (enthalpy) is independent on the heating rate.

From the experimental results (Figures 5–8) it can be also observed that the acceptable heating rate
to be selected in order to stay below the defined threshold value of 0.2 K (i.e., the difference between
a high and successive smaller heating rate, as proposed by the IEA standard [40] and described in
Section 2.3.1), must be 0.125 K/min (or lower) for RT25 and PureTemp 25, and 0.250 K/min (or lower) for
RT24 and RT26. This would reduce as much as possible the heating rate issues for the considered PCMs.

The cp curves of RT24, -25 and -26 with different heating rates contain mainly two (local) peaks, at
different temperatures. These double-peak curves actually become more pronounced for lower heating
rates. The first local one, as for each curve and considering 0.125 K/min, was registered at 6.2 ◦C for
RT24 (Figure 5), at 17.6 ◦C for RT25 (Figure 6) and 17.4 ◦C for RT26 (Figure 7). The second local (and
also maximum) peak, which is representing the melting of paraffin, while adopting a heating rate of
0.125 K/min, was achieved at 25.0 ◦C for RT24 (Figure 5), at 26.5 ◦C for RT25 (Figure 6) and 26.2 ◦C for
RT26 (Figure 7).

Figure 5. Dynamic DSC measurements: (a) cp(T) and (b) h(T) curves (latent only) with different heating
rates for RT24.
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Figure 6. Dynamic DSC measurements: (a) cp(T) and (b) h(T) curves (latent only) with different heating
rates for RT25.

Figure 7. Dynamic DSC measurements: (a) cp(T) and (b) h(T) curves (latent only) with different heating
rates for RT26.

Similar behavior can be observed from the cp- and h-T (latent-only) DSC curves of the bio-based
PureTemp25. From the DSC tests, two adjacent peaks appear in the cp-T curves. The first melting
temperature of the highest peak was measured at 24.6 ◦C (Figure 8), while the second local (not
maximum) peak was registered at a higher temperature of 26.2 ◦C. The actual melting peak temperature
of 24.6 ◦C was close to the declared value in the datasheet, which is 25 ◦C (Table 1).

The presence of a local (not maximum) peak, that was detected for both PCM types, could be
the result of either a mixture of different compounds, having different chain lengths, or a possible
occurrences of solid–solid latent phase transitions prior the melting.

These results also show that the declared melting temperatures in the datasheets (Table 1) are
lower than the ones measured with the dynamic DSC tests. This was expected, since measuring the
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exact melting peak temperature requires a heating rate that should be as low as possible, meaning
theoretically nearly 0 K/min. In practice, this is not feasible, since extremely low heating rates result in
very weak signals and characterized by huge noise on the measured signal and implicitly limits the
choice of the lowest possible heating rate to be assigned.

Figure 8. Dynamic DSC measurements: (a) cp(T) and (b) h(T) curves (latent only) with different heating
rates for PureTemp25.

3.2. Mass of Sample Effect for RT25 and PureTemp 25

The effect of the sample mass in the dynamic DSC experiments is discussed in this subsection.
Paraffin-based RT25 and bio-based PureTemp 25 were considered for this aim and two masses per each
PCM were investigated. Tests were performed considering different heating rates (again ranging from
10 K/min to 0.125 K/min), with temperatures raising between 10 ◦C and 50 ◦C; 7.9 mg and 16.3 mg
samples were tested for RT25, while 10.1 mg and 18.9 mg for the PureTemp 25.

Figure 9 shows the comparative evolution of the melting peak temperatures, Tm, against the
different heating rates by considering the aforementioned two masses (low mass 7.9 mg and high mass
16.3 mg, respectively). It can be observed that the measured melting points, through the DSC tests
for the small sample mass (7.9 mg), rather quickly approximates the melting peak temperature (i.e.,
26.0 ◦C of the lowest heating rate 0.125 K/min). Hence, Tm was 26.50 ◦C at 0.50 K/min and 26.25 ◦C
at 0.25 K/min. Contrarily, the sample with the higher mass (16.3 mg) showed more influence of the
heating rate: i.e., Tm = 27.25 ◦C at 0.50 K/min, 26.75 ◦C at 0.25 K/min and 26.25 ◦C at 0.125 K/min.

Also, for PureTemp 25 the comparison of melting peak temperatures, Tm, against the various
heating rates and two different masses (10.1 mg and 18.9 mg, respectively) is presented in Figure 10.
As for RT25, the sample with the lower mass (10.1 mg) showed a less influence of the heating rate on
the melting peak temperature (e.g., Tm = 24.50 ◦C at 0.25 K/min and 24.25 ◦C at 0.125 K/min). For the
higher mass (18.9 mg) this was, Tm = 25.00 ◦C and 24.50 ◦C, at 0.25 K/min and 0.125 K/min, respectively.

It should be noted that all curves, which were obtained from measurements with heating rates
less than 0.125 K/min, had high fluctuations due to signal noises, which make the evaluation of the
data and baseline construction difficult to build up. For this reason, a heating rate of 0.125 K/min was
considered as the lowest possible choice at which the instrument could still detect signals that were
easy to be analyzed. Moreover, 0.125 K/min, for all tests, provides a proper accuracy to fulfill the IEA
standard requirements [40], see Section 2.3.1.
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Figure 9. Melting peak temperature Tm for dynamic DSC measurements with several heating rates and
2 different masses for RT25.

Figure 10. Melting peak temperature Tm of dynamic DSC measurements with several heating rates
and 2 different masses for PureTemp25.

The results in this section showed that the selection of the “heating rate” and “sample mass” arises
mainly from a compromise between accuracy of the measurements (enthalpy, specific heat capacities
and melting peak values) and mitigation of the data due to heating rate effects. Besides the effect
of instrument precision and adopted parameters, the measurement accuracy also depends on the
representativeness of the sample, which also requires the analysis of larger masses. However, higher
mass samples need a strong reduction of the heating rate for achieving a proper thermal equilibrium
and valid TES analysis. From the practical point of view, very low heating rates go along with huge
signal noises. Contrarily, in low mass samples, thermal equilibrium can be reached more easily with
higher heating rates. Experimentally, the most representative mass should be found first, followed by
choosing the proper “noiseless” heating rate.

3.3. Specific Heat Capacities, Enthalpy and Melting Points for Heating and Cooling

For each type of PCM, six samples were investigated through dynamic DSC tests under both
heating and cooling. Three of them were used for cp(T) characterization, while the remaining three
for h(T). Before and after the non-isothermal phase change (either melting or crystallization), a
heating/cooling rate of 10 K/min was adopted for all tests to minimize noise ratios in the signal [39].
In the latent stage, the considered heating/cooling rates were of 0.250 K/min for RT24 and RT26 and
0.125 K/min for RT25 and PureTemp 25. These assumptions were done following the IEA standard
procedure [40] to mitigate the influence of the heating/cooling rate for each compound, as discussed in
previous Section 3.1.
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Figure 11 shows the results of dynamic DSC measurements done for the paraffin waxes (RT24,
RT25, RT26) and the bio-based PCM (PureTemp 25), for determining the cp [J/g × K] versus T [◦C]
response, in both latent and sensible ranges. All DSC curves are characterized by an almost sensible
behavior in the temperature range far from the melting and crystallization points (i.e., in the solid
range −20 ◦C to 10 ◦C and the liquid range 30 ◦C to 60 ◦C), while a non-isothermal latent behavior
appears in the phase change region (either with solid-to-liquid and liquid-to-solid responses). It can be
also observed that the results show very little (almost negligible) deviation, for all tests, as indicated by
the gray area. In the liquid-sensible ranges (i.e., between 30 and 60 ◦C), the determined specific heat
capacities varied between 2.1 and 2.3 J/g × K (for both heating/cooling), for all samples RT24, RT25,
RT26 and PureTemp 25. Then, in the lower temperature ranges (solid-sensible responses, between
−20 and 10 ◦C), the cp values varied between 1.7 and 2.0 J/g × K (for both heating/cooling), for RT24,
RT25, RT26 and PureTemp 25. In the latent responses, pronounced peaks developed that represent the
solid–liquid and liquid–solid phase changes of the various PCMs.

Figure 11. Specific heat capacities following the dynamic DSC tests (for heating between 0 ◦C and
50 ◦C and cooling between 50 ◦C and 0 ◦C): (a) RT24, (b) RT26, (c) RT25 and (d) PureTemp 25. Note:
the total specific heat capacities have been constructed by additively linking the sensible parts with the
latent ones.

In Figure 12, the resulting enthalpy curves (latent part only), measured with the dynamic DSC
method, are shown for all materials. The plotted curves represent the mean values of the measurements
done for three samples, over three cycles. These data mainly represent the absorbed/released thermal
energies for heating and cooling, respectively, and the unitary latent heat during a phase change. The
measured total and specific h of each material is shown in Figure 13. It can be observed that the
absorbed heat from 0 J/g to the total specific latent heat of each PCM (i.e., 182.1 J/g for RT24, 193.3 J/g
for RT25, 211.9 J/g for RT26 and 186.1 J/g for PureTemp 25) is represented by a clear non-isothermal
behavior. Similar trends, in a releasing way, from the maximum values of h(T) (i.e., form 178.8 J/g for
RT24, 213.4 J/g for RT25, 211.4 J/g for RT26 and 186.8 J/g for PureTemp 25) to 0 J/g, can be observed for
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the cooling responses. From the data, it can be observed that the bio-based PureTemp 25, compared
to the RT ones, is characterized by a faster acceleration of the h(T) response. This means that the
phase change occurs in a narrower melting or crystallization range, which is often more appreciated in
practical passive applications for buildings.

Figure 12. Enthalpy (latent-only) measurements (heating and cooling) following the dynamic DSC
tests: (a) RT24, (b) RT26, (c) RT25 and (d) PureTemp 25.

Figure 13. Latent absorbed/released h [J/g] during melting/crystallization following the dynamic
DSC method.

Finally, the maximum peak temperatures (meaning those points at which the maximum cp was
registered) for either melting or crystallization of all PCMs are compared in Figure 14. The graphs
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further show the “melting” and “crystallization” temperatures of the three specimens, their mean
values and the statistical deviation via error bars. It can be seen that the peak temperature (mean value
of three specimens) at which melting happened were detected at 25.0, 26.5, 26.2 and 25.4 ◦C for RT24,
RT25, RT26 and PureTemp 25, respectively. Similarly for the crystallization measurements (again mean
value of three specimens), peak temperatures were registered at 23.8, 25.1, 24.2 and 21.1 ◦C for RT24,
RT25, RT26 and PureTemp 25, respectively.

Figure 14. Comparison of the maximum peak temperatures (◦C) of all samples in the
melting/crystallization range.

In Figure 14 it can also be seen that there is an obvious difference between the cooling and heating
peak temperature. Overheating or subcooling effects [18], occurred due to a kinetic delay in phase
transformation, could be a possible explanation for the shifted heating/cooling peaks. Upon the
attained results, the subcooling is lower in paraffins, also known as alkanes (about 1.2–2 K), compared
to the PureTemp 25 (made of fatty acids) with about 4.3 K subcooling. These phenomena occur even if
the amount of stored/released heat stayed almost the same (see Figure 13).

Finally, the Tonset,heating and Tonset,cooling are reported in Table 3. They are representing the
extrapolated peak start temperature (defined Tp,ini,e as sample transformation temperature by DIN
51007:2019 [39]). These temperature values represent the intersection point of the extrapolated start
baseline with the tangent (or a straight) line through the linearly rising or falling part of the endothermic
or exothermic peak. The onset temperatures are worth knowing since at this point the lower surface
area of the sample (crucible bottom) begins to change phase, as this temperature can be determined
sufficiently reproducible and is almost independent of the heating rate. All other temperatures largely
depend on test conditions, masses and heating/cooling rates (as shown in Figures 5–8).

Table 3. Comparison of extrapolated peak initial temperatures (assigned to the transformation
temperature) of all samples in the melting/crystallization range according to DIN 51007 [39].

PCM
Type

RT24
R 0.250 K/min

RT25
0.125 K/min

RT26
0.250 K/min

PureTemp 25
0.125 K/min

Tonset, heating Tonset, cooling Tonset, heatingTonset, heatingTonset, heatingTonset, heatingTonset, heatingTonset, heating
P1,2,3 3.0 24.3 15.5 25.7 15.6 25.1 23.0 21.9
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4. Stepwise DSC Results

4.1. Heating Rate Effect

Tests with different heating rates (ranging from 2 K/min to 0.125 K/min) have also been performed
for the stepwise DSC method. These activities were scheduled for RT25 and PureTemp 25 under
temperatures ranging between 10 and 30 ◦C (a range which is relevant for the phase transition).

Figure 15a and a show the stored heat, per each temperature interval (being 1 K, representing the
difference between two isothermal temperature increments), while the accumulated specific enthalpy
(latent part only) is shown in Figures 15b and 16b. Actually, these results represent the determined
partial enthalpies and the cumulated ones between 10 ◦C and 30 ◦C from the measurements done for
RT25 and PureTemp 25.

Figure 15. (a) Δq (T) and (b) h(T) curves determined through stepwise DSC and considering different
heating rates for RT25.

Figure 16. (a) Δq (T) and (b) h(T) curves determined through stepwise DSC and considering different
heating rates for RT25.
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It is shown in Figures 15 and 16 that all the results, having different heating rates, are completely
overlapping. Particularly, the Δq-T and h-T (dotted) curves obtained by considering different heating
rates, i.e. 2, 1, 0.5, 0.25 and 0.125 K/min, show almost the same values, with a very small difference
in terms of either Δq or h values. The enthalpy deviation between the different heating curves has a
maximum of 5 J/g, and this occurred mainly close to the melting range. This difference is less than
3% of the total and specific heat absorbed in the considered temperature range. This means that
with the stepwise method the influence of the heating rate, which classically affects dynamic DSC
measurements, can be neglected. (see Section 3.1 where the results were obtained through dynamic
DSC measurements).

It may be worth mentioning that the length of the relaxation time (namely, isothermal step) is
an important parameter for the temperature resolution of the accumulated heat, especially in the
temperature ranges close to the melting peak (defined as the point in which the maximum amount
of stored heat can be measured). Particularly, to reach thermal equilibrium in these zones a longer
isothermal step is required. This can be observed in Figure 15a where the highest peak (readable in the
ranges 25 ◦C and 26 ◦C) for all tests is obtained for heating rates of 2, 1, 0.5, 0.25 and 0.125 K/min, while
performed with an isothermal step of 10 min. To evaluate the sensitivity of the results regarding the
duration of the applied isothermal step, an additional measurement was conducted for a heating rate
of 0.125 K/min and where the isothermal step was increased from 10 min to 25 min with the aim to
reach proper thermodynamic equilibrium during the phase change transition (see the red curve in
Figure 15). The results clearly show the influence of this increased isothermal step.

4.2. Enthalpy and Phase Change Temperature

The enthalpy measurements, i.e., the absorbed specific heat along the considered temperature
steps, and phase change temperatures obtained by an adopting isothermal step time of 25 min and
various heating rates, are reported in this subsection. Both sensible and latent absorbed heat, in the
range of 10 ◦C and 30 ◦C, are evaluated.

Figures 17 and 18 show a histogram of the stored heat, Δq (T), between the temperature intervals,
representing the temperature resolution of the acquired data, of 1 K, for the aforementioned tests. The
corresponding tabular data is provided in Table 4. From the results, it can be seen that the melting
of RT25 mainly starts at 15 ◦C and ceases at 26 ◦C. A baseline construction was used to evaluate and
separate the sensible part form the latent one. The sensible absorbed heat was evaluated at 2.10 J/g,
which was in agreement with the value declared in the datasheet, i.e., 2 J/g, (see Table 1). The melting
peak temperature as indicated in Figure 17 can be appreciated in the range of 25–26 ◦C. The (latent)
melting of the PureTemp 25 takes place in a smaller temperature interval (from 21 ◦C to 28 ◦C, see
Figure 18). The absorbed sensible heat of PureTemp 25 was evaluated to 2.89 J/g while its melting point
falls in the range of 25–26 ◦C.

The phase transition enthalpy (considering the latent part only), in the defined melting range of
15 ◦C to 26 ◦C and constructing the baseline at 15 ◦C, was 207.21 J/g for RT25 (see Table 4). This value
is slightly different to the one measured through the dynamic DSC measurements (211.9 J/g reported in
Figure 13). The total latent heat of PureTemp 25, evaluated in the temperature range between 21 ◦C and
28 ◦C, is 207.5 J/g (see Table 4), which somehow deviates from the value measured using the dynamic
DSC method (186.1 J/g, showed in the Figure 13). However, it may be worth mentioning that the
results obtained from dynamic DSC tests or the stepwise methods are highly depending on the baseline
construction, which separates the sensible heat from the latent part. As the baseline-construction can
be done more precisely for the dynamic DSC method rather than for the stepwise one, the final results
of the latent heat by using both the aforementioned methods might be significantly affected.

From the results it can be stated that the stepwise DSC method is capable of cleaning and
eliminating the heating rate effects, which is classically of interest for dynamic DSC measurements.
It is a more appropriate method that is able to capture the total enthalpy in the defined temperature
range by applying predefined temperature steps, and also for validating the melting peak (range)
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more precisely than with dynamic DSC tests. However, some drawbacks are still characterizing the
stepwise DSC method, which is mainly that the temperature resolution adopted in these approaches
is still too high. The smaller the temperature steps, the better the temperature resolution. However,
the measuring time could be considerably longer as the step sizes decrease. In general, the shape
characterization of cp(T) curves can be achieved faster (and more properly) by using the dynamic DSC
method than the stepwise one.

 

Figure 17. Histogram view of stored heat Δq (T) for RT25, at several temperature intervals and adopting
an isothermal time step of 25 min.

 

Figure 18. Histogram view of stored heat Δq (T) for PureTemp 25, at several temperature intervals and
adopting an isothermal time step of 25 min.
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Table 4. Stored heat values (sensible = S, latent = L and total = S + L) of RT 25 and PureTemp 25, as
shown in Figures 17 and 18.

Temp. Range
[◦C]

RT25 (Mass: 16.3 mg) PureTemp25 (Mass: 18.9 mg)
Δq (total: S + L) Δq (L) Δq (total: S + L) Δq (L)

[J/g] [J/g] [J/g] [J/g]

15 to 16 3.03 0.93 - -
16 to 17 10.70 8.60 - -
17 to 18 25.33 23.23 - -
18 to 19 16.96 14.86 - -
19 to 20 7.77 5.67 - -
20 to 21 6.77 4.67 - -
21 to 22 8.26 6.16 4.48 1.59
22 to 23 12.18 10.08 8.30 5.41
23 to 24 17.23 15.13 28.39 25.50
24 to 25 28.13 26.03 48.16 45.27
25 to 26 93.95 91.85 53.53 50.64
26 to 27 - - 62.56 59.67
27 to 28 - - 22.32 19.43

- 230.31 207.21 227.74 207.48

In summary, it can be observed that the temperature resolution for DSC tests depends on the
amount of analyzed intervals, needed to measure the heat storage capacity, within the considered
temperature range. Based on the chosen DSC method the “resolution” of the data, representing the
heat supplied to the sample and the corresponding temperature range, can differ. In the stepwise
method heating is applied in small intervals called “steps”. Thus, the resolution is equal to the height
(or length) of the temperature steps, however it is required that the start and end of each step must
be in an isothermal state. For dynamic DSC tests, the interval is continuously scanned by heating of
the sample. There are actually no steps waiting for thermodynamic equilibrium. This means that the
heating rate needs to be low enough to assure thermodynamic equilibrium within the entire sample.
Theoretically, this will occur by employing a heating rate close to 0 K/min., which is practically not
feasible. This means that the heat supplied to the sample, according to each data recording (equal to
the enthalpy change), cannot be fully assigned to the measured temperature. Too high heating rates
may cause significant errors (less “accuracy” of the results) in the data of the heat stored as a function
of temperature. However, in DSC dynamic tests the resolution of the data itself is only restricted by
the data recording system.

5. Conclusions

In this work, a detailed experimental program is reported for analyzing the Thermal Energy
Storage (TES) capacity of three paraffin-based and one bio-based PCM, employable for construction
and buildings applications. For this aim, the paraffin-based waxes, RT24, RT25 and RT26, and an
eco-friendly bio-based PCM, PureTemp 25 were examined using DSC testing equipment. All selected
PCMs have melting/ crystallization temperatures within the well-known comfort zone temperature
for buildings, e.g., ranging between 19 and 26 ◦C. Heat storage capacities, melting/ crystallization
responses and enthalpies, under both sensible (solid and liquid) and latent TES responses, were
investigated through DSC tests.

Two alternative methods were performed and compared, i.e., a dynamic DSC and a stepwise DSC
method. Based on the results reported in this work, the following conclusions can be drawn:
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• Dynamic DSC tests, performed for all 4 different PCMs and considering several heating rates
(ranging from 10 K/min to 0.125 K/min), showed that the measurable melting peak temperatures
Tm (indicated as that point at which the maximum peak of cp(T), or alternatively the inflection point
of h(T), can be registered), mainly depends on the heating rate. Tm can be shifted progressively to
lower values as the heating rate decreases and vice versa;

• The cp(T) and h(T) curves under dynamic DSC strongly depend on the selected heating rates. Only
the related measure of the accumulated (total) specific (unitary) latent heat is independent to the
heating rate. In general terms, the total achievable h is the same when different heating rates are
assumed, even though the h(T) curves and their slopes, cp(T), are heating rate dependent;

• Dynamic DSC tests, performed by considering 2 different (low and high) sample masses, for
RT25 and PureTemp 25, highlighted that the specimens with a lower mass are less affected by
the heating rate. However, they suffer higher measurement noise and less representativity of the
material under investigation;

• Dynamic DSC results of higher mass samples showed more stable measurements, especially in the
sensible parts, and seemed to be more representative for the behavior of the investigated PCMs.
However, they turned out to be more sensible to heating rate effects under latent heat storage.

• It can be concluded that the selection of the proper “heating rate” and “sample mass” (aimed at
fulfilling the IEA requirements) arises from a compromise between accuracy of the measurements
(i.e., enthalpy, specific heat capacities and melting point) and the mitigation of the heating/cooling
rate effects.

• It can be stated that reliable and reproducible results can be achieved for characterizing the
aforementioned (paraffin- and bio-based) PCMs by following the IEA standard procedure and
adopting the dynamic DSC method.

• Results following the stepwise method demonstrated that both Δq(T) and h(T) results, obtained by
considering several heating rates (2, 1, 0.5, 0.25 and 0.125 K/min), presented almost the same trend
and similar values (with differences significantly less than 0.2 ◦C and/or in terms of enthalpy of
max. 5 J/g between them). This means that with the stepwise method the heating rate influence,
which classically affects the dynamic DSC, can be fully controlled.

• The main drawbacks of the stepwise method, however, are related to its enormously
time-consuming character, imposed by the test procedure. The required length of the relaxation
time (namely, isothermal step) is sometimes too high to achieve proper results, especially in the
melting region.

• The temperature resolution of the stored heat is considerably higher, using the stepwise method,
in comparison to the dynamic one. However, a maximum resolution of 1 K, as those employed in
the stepwise method of this study, is not high enough to obtain the cp(T) curve of the material,
which would require smaller discretized temperature steps, and also does not allow describing
the melting temperature of the material in a concise way.

• The results obtained following both dynamic and stepwise methods are dependent on the baseline
construction, which allows separating the sensible from the latent heat part. In this regard, the
baseline-construction can be more precisely built in the dynamic method than the stepwise one,
because more valuable measurement data can be evaluated within very small temperature steps.
For this reason, the stepwise method is more appropriate to measure the total enthalpy (both
sensible and latent heat) in defined temperature steps and also validating the melting peak reached
from the dynamic procedure, while the dynamic measurements can ascertain the stored latent
heat much more quickly and precisely. Then using the IEA Standard, dynamic measurements are
less time-consuming and also more precise to characterize the melting behavior of the material.

Further experimental characterizations of the TES capacity of several other types of bio-based
PCM, to be employed as environmentally friendly substitute of petroleum-based PCM in cement-based
systems, are currently under development.
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Abstract: Phase change materials (PCMs) are promising materials for the energy efficiency
improvement of building enclosures, due to their energy storage capacity. The thermal behaviour of
a multi-layered building enclosure with five different compositions of PCM cement-lime mortars
was evaluated under heating and cooling cycles. The behaviour of cement-lime mortars with 20% of
microencapsulated PCM mixed with other additions, such as cellulose fibres and perlite, a lightweight
aggregate (LWA), were studied under climate conditions of 15 ◦C–82% RH (cooling) and 30 ◦C–33%
RH (heating) that were applied with a climatic chamber. Temperature and heat flux on both sides of
the multi-layered enclosure were experimentally measured in laboratory tests. Temperature was also
measured on both sides of the PCM cement-lime mortar layer. It was observed that the addition of
the PCM cement-lime mortar layer delayed the heat flux through the enclosure. During a heating
cycle, the incorporation of PCM delayed the arrival of the heat wave front by 30 min (8.1% compared
to the reference mortar without PCM). The delay of the arrival of the heat wave front during the
cooling cycle after adding PCM, compared to the reference mixture, reached 40.6% (130 min of
delay). Furthermore, the incorporation of LWA in PCM cement-lime mortars also improved thermal
insulation, further increasing energy efficiency of the building enclosure, and can be used not only for
new buildings but also for energy rehabilitation of existing building enclosures.

Keywords: phase change materials (PCMs); energy efficiency; cement-lime mortar; experimental
characterization; climatic conditions; heat flux

1. Introduction

The design of new building materials for the energy efficiency improvement of existing buildings
is a hot research topic [1–3]. The high energy consumption of many dwelling units built in the XX
century is a main concern due to their huge carbon footprint [4,5]. Phase change materials (PCMs) are
considered as a possible solution for this problem, due to their energy storage capacity [6]. During phase
change, which occurs at a selected temperature that can be designed, PCMs absorb or release heat,
while the material temperature remains constant (latent heat), acting as energy deposits that can be
recovered when necessary [7,8]. Among the different types of PCM [7,8], the most commonly used in
construction and building materials are microencapsulated paraffin waxes, which are characterized by
their thermal and chemical stability without significant changes to their properties in the temperature
range used in this study. They are also commercially available at a competitive price. However,
paraffin waxes present low thermal conductivity and low phase change enthalpy [7–10].

Different authors have incorporated this type of microencapsulated PCM in building materials
such as cement, gypsum or cement-lime mortars [8–16]. Besides, other additions, such as fibres
(cellulose) and lightweight aggregates (LWAs, e.g., perlite), can be also incorporated to improve the
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thermal insulation capacity of mortars [16–18]. Some authors have studied the combined use of
PCMs and these additions in mortars, taking advantage of both the the energy storage capacity of
PCMs and the thermal insulation capacity [16]. It was found that PCM efficiency depends not only
on the amount of PCM but also on the other components of the mortars [16]. The amount of PCM
incorporated modified some thermal, physical and mechanical properties of mortars. Temperature
range and variation also influenced the efficiency of PCM-modified mortars [15,19–21].

The experimental characterisation of materials’ properties is the first step necessary to evaluate the
possibilities of their application for building purposes [1,12–14,16]. However, the actual effect of the
newly designed materials for improving building enclosures can only be fully evaluated by considering
the multi-layered composition of real enclosures. Accordingly, some authors have studied the behaviour
of multi-layered specimens by assessing new mortars with enhanced properties under different climatic
conditions [15,17–21]. Climatic chambers can be used to test specific thermal conditions, simulating real
environmental conditions [15,17]. It was concluded that the PCM effect on the multilayer enclosure’s
behaviour depended on the climatic conditions (summer/winter) [9,14,17–25].

In this paper, a study on the behaviour of a multi-layered brick wall enclosure incorporating
different cement-lime mortars with the addition of 20% of PCM microencapsulated paraffin wax,
LWA (expanded perlite) and cellulose fibres was carried out under different climate conditions. The aim
of the study was to evaluate the thermal behaviour of the mortar layer and the overall enclosure under
different climatic conditions. For this purpose, a climatic chamber was used, heating (from 15 ◦C to
30 ◦C) and cooling (from 30 ◦C to 15 ◦C) cycles were programmed and temperature and heat flux
through the specimen were evaluated.

2. Materials and Methods

Five PCM-modified cement-lime mortars were analyzed. Figure 1 shows the criteria followed to
design mortar compositions, considering the combined effect of energy storage capacity supplied by
PCMs with the enhanced thermal insulation provided by LWAs and fibres. The experimental program
assessed physical and mechanical properties and thermal conductivity in both liquid and solid states
of PCMs. The temperature of the inner enclosure layers and on both external sides of the wall was
analyzed. Heat flux inside and outside the enclosure was also measured.

Figure 1. Composition design scheme of PCM cement-lime mortars.
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2.1. Material and Mortar Compositions

The components used in the study were:
The cement used was a white type cement named BL II/B-L 32.5 N (UNE-EN 197-1) from Cementos

Portland Valderrivas, Madrid, Spain.

(1) CL 90-S was the air lime added to the composition, (UNE-EN 459-1).
(2) The fine aggregate was a siliceous sand with a size between 0–4 mm.
(3) The lightweight aggregate (LWA) used was an expanded perlite (L).
(4) The fibres (F) used in this study were short cellulose fibres with a length of 1 mm—Fibracel®

BC-1000 (Ø 20 μm) (Omya Clariana S.L, L’Arboc, Tarragona, Spain).
(5) The phase change material (PCM) chosen for the study was a microencapsulated paraffin wax

(Micronal® DS 5040X,) with a melting point of ca. 23 ± 1 ◦C supplied by BASF Construction
Chemicals Company, Madrid, Spain. The bulk density of this PCM is ca. 300–400 kg/m3 and has
a particle size which varies between 50–300 μm.

Table 1 presents the composition of the five mortars under study. Firstly, a reference cement-lime
mortar (C) was produced. The cement:lime:aggregate ratio for this mortar was 1:0.5:4.5 by volume.
Afterwards, 20% of PCM by volume of fresh mortar was added (C20). In order to improve the thermal
insulation capacity of the mortar, 1.5% of dry cellulose fibres considering the total fresh mortar’s
volume (regarding the reference mortar) was added (CF20). In addition, 50% of the sand was replaced
by the lightweight aggregate (CL20). Finally, fibres and perlite were added (CLF20) in order to design
a mixture of both additions. Water to binder ratio (w/b) varied in order to get for all the mixtures a
similar fresh workability. The minimum compressive strength target value was 3.5 MPa, corresponding
to a CS-III grade rendering mortar (medium-high strength according to UNE-EN 998-1). The mixing
process in the laboratory began blending all the dry components. Then the liquid water was added.
The mixing process took a maximum of 5 min.

Table 1. Compositions of PCM cement-lime mortars, components in kg (adapted from [16]).

Components C C20 CF20 CL20 CLF20

BLII/B-L 32.5N 348 348 348 348 348
Air lime 55 55 55 55 55

Fine aggregates 1403 1403 1403 702 702
Fibres - - 0.66 - 0.66
LWA - - - 94 94
PCM - 84.6 84.6 84.6 84.6

Liquid water (*) 220 200 240 250 380
w/b (*) 0.73 0.68 0.78 0.71 0.79

Ddry (kg/m3) 1400 1357 1440 868 -
Dwet (kg/m3) 2264 1937 1885 1562 1561

* Fine aggregate humidity (5.3%) was also considered.

2.2. Experimental Methods

2.2.1. Hardened Properties and Thermal Parameters

The flow table test was used to measure the fresh mortar consistency, according to UNE-EN
1015-3:2000. In order to achieve a plastic consistency, the water to binder ratio was adjusted. Hardened
state properties were characterised on 40 mm × 40 mm × 160 mm specimens, according to UNE-EN
1015-11. After 24 h, samples were demoulded and water cured for 28 days (21 ± 3 ◦C and 95 ± 5% RH).
Bulk density (D) and open porosity (OP) (accessible to water) was calculated using a hydrostatic scale
(UNE-EN 1015-10). According to UNE-EN 1015-19, the water vapour diffusion resistance factor (VD)
was measured. VD was measured by the wet cup method. Cylindrical specimens with a 35 mm
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diameter and 40 ± 2 mm thickness with a saturated saline dissolution were used. After 28 days,
compressive and flexural strength (CStr, FStr) were tested on standard specimens according to UNE-EN
1015-11:2000.

Thermal conductivity (λ) was measured using a thermally insulated box (hot box method).
Plate samples with a size of 210 mm × 210 mm and a thickness of 24 ± 2 mm were used. Laboratory
conditions during the test were 20 ± 1 ◦C and 50 ± 5% RH. A heat source was connected to a thermal
regulator and located inside the insulated box. Sensors placed on the inner and outer surface of the
sample and inside and outside the box monitored temperature (T) and relative humidity (RH) [26].
Two different temperatures were set inside the box: 25 ◦C and 40 ◦C. At 25 ◦C inside the box, the
testing specimens remained below the PCM melting point (nominally 23 ◦C, although experimentally
established at 22 ◦C [16]), while at 40 ◦C inside the box, all the plates were 30 ◦C. Thermal conductivities,
λS (mortar’s conductivity when PCM was in a solid state) and λL (mortar’s conductivity when PCM
was in a liquid state) were calculated after a thermal steady state was reached using Fourier’s Law [26].

2.2.2. Climatic Chamber Testing Set-Up

A climatic chamber was used to assess the thermal behaviour of brick wall enclosures with PCM
cement-lime mortars under different climatic conditions. Figure 2 shows the experimental set-up
used. A multi-layered hollow brick enclosure arrangement was selected [4,5], consisting of a hollow
brick wall, a gypsum-based internal rendering and an external PCM-modified coating mortar covered
by a 5 cm XPS (Extruded polistyrene) insulation layer (external insulation coating system, ETICS).
The sample was placed inside the climatic chamber door, and the chamber conditions were modified
to produce a thermal transfer through the specimen.

Figure 2. Climatic chamber set-up for monitoring the brick walls in different temperature conditions.

Two climatic conditions were tested in the chamber, simulating outdoor environmental conditions
(OUT): a heating cycle and a cooling cycle. The heating cycle consisted of an initial stable condition of
15 ◦C and 82% relative humidity (RH), changing afterwards to 30 ◦C and 33% RH. The cooling cycle
followed a reversed order, with an initial stable climatic condition of 30 ◦C and 33% RH, changing to
15 ◦C and 82% RH. Outside the chamber, the laboratory conditions (IN) remained constant at 20 ± 1 ◦C
and 60% RH. RH inside the chamber was set to limit the water transport through the specimen.
Each cycle (both heating and cooling) lasted 1400 min. During both cycles, heating and cooling,
temperatures on both sides of the mortar layer, as well as at the external and internal sides of the
enclosure, were monitored. Heat flux was also measured using a heat flux plate (Hukseflux HFP01
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with an uncertainty degree of ±3%) for each side of the enclosure (Figure 2), registering the W/m2 on
both sides with a data logger (Hobo UX120, Bourne, MA, USA). As shown in Figure 2, heat flux sensors
were adhered and hermetically sealed to the surface of the material. The temperature and RH inside
and outside the climatic chamber were also monitored using thermocouples, coupled temperature and
RH sensors (i-button Hygrochrom™ DS1923 (Newbury, Berkshire, UK), with an uncertainty degree of
0.02 ◦C and a size of Ø 17.35 mm and a thickness of 5.9 mm, and heat flux plates, located as shown in
Figure 2.

3. PCM Cement-Lime Mortar Physical and Mechanical Properties

Table 2 presents the experimental results obtained for workability, physical, mechanical and
thermal properties of the five mortars under study. Table 2 shows that consistency values varied
between 178 mm (C) and 166 mm (C20).

Table 2. Physical, mechasnical and thermal properties of the PCM cement-lime mortars (adapted from [16]).

Properties C C20 CF20 CL20 CLF20

Consistency (mm) 178 166 170 170 170
D (kg/m3) 1900 1600 1660 1270 1160

OP (%) 19.56 17.72 16.77 23.33 23.09
VD 4.13 4.29 3.47 3.62 3.26

CStr (MPa) 14.33 7.17 5.83 6.00 5.33
FStr (MPa) 3.36 2.40 2.20 1.79 2.16
λS (W/mK) 0.23 0.20 0.30 0.29 0.23
λL (W/mK) 0.21 0.28 0.23 0.18 0.15

Regarding the hardened mortars’ physical properties, the reference mortar (C) presented the
highest bulk density (D) value, as expected, with 1900 kg/m3, while the PCM mortar with LWA and
fibres (CLF20) showed the lowest, with 1160 kg/m3. Open porosity (OP) values varied between 23.33%
(CL20) and 16.77% (CF20). Considering the water vapour diffusion resistance factor (VD) of the mixtures
under study, C20 showed the highest value (4.29) while CLF20 showed the lowest one (3.26).

Table 2 also presents the mechanical properties of the mortars. The results for compressive
strength (CStr) pointed out that C presented the highest value (14.33 MPa) while CLF20 showed the
lowest one (5.33 MPa), which agreed with the density values. Although the 20% addition of PCM in
the mixtures reduced CStr, all the mortars fulfilled the minimum compressive strength target value of
3.5 MPa, corresponding to a CS-III grade rendering mortar according to UNE-EN 998-1. On the other
hand, flexural strength (FStr) values ranged between 3.36 MPa (C) and 1.79 MPa (CL20).

Thermal conductivity results of the PCM mortars in both the solid state (λS, T < 22 ◦C) and in
the liquid state (λL, T > 22 ◦C) are also summarised in Table 2. It can be observed that λS varied
between 0.30 W/mK (CF20) and 0.20 W/mK (C20). Otherwise, C20 presented the highest value for λL

with 0.28 W/mK and CLF20 presented the lowest one with 0.18 W/mK.
As expected, the addition of 20% of PCM modified not only the thermal properties but also other

hardened properties. Mechanical properties such as compressive and flexural strength decreased with
the addition of PCM. On the other hand, λS decreased while λL increased when PCM was added,
compared to the same mixture without PCM. These results were further analysed and discussed in a
previous work [14].

4. Experimental Test Results and Thermal Analysis of Brick Wall Enclosures with PCM Mortars

The brick wall enclosures with PCM mortars were evaluated using the experimental set-up shown
in Figure 2 and following the test procedure for a heating and a cooling cycle. For each sample,
the thermal performance of the PCM mortar layer and the overall enclosure thermal performance were
monitored during the test.
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4.1. Thermal Behaviour of the PCM Cement-Lime Mortar Layer Inside the Enclosure Solution under Heating
and Cooling Cycles

4.1.1. Heating Cycle

Table 3 shows the experimental results obtained during the heating cycle on both sides of the
mortar layer, measured inside the enclosure. The initial and final temperature on both sides of the
layer, the outer side in contact with the XPS insulation layer and the inner side in contact with the
brick wall, the average values of the mortar layer and the difference in temperature between both sides
are summarised.

Table 3. Temperatures on both sides of the PCM cement-lime mortar layer measured inside the
enclosure during the heating cycle (from 15 ◦C to 30 ◦C).

Temperatures C C20 CF20 CL20 CLF20

Initial Ti (◦C)
Outer side (XPS) 19.60 19.00 20.80 19.00 20.30

Inner side (B) 21.40 20.60 21.30 20.70 20.60
Final Tf (◦C)

Outer side (XPS) 24.23 23.50 25.50 23.40 25.20
Inner side (B) 22.22 21.60 25.00 21.30 24.80

Layer average Ti 20.50 19.80 21.05 19.85 20.45
Layer average Tf 23.23 22.55 25.25 22.35 25.00

T difference Ti 1.80 1.60 1.30 1.70 0.30
T difference Tf 2.01 1.90 0.50 2.10 0.40

Initial temperatures on the outer side (XPS) of the mortar layer varied between 20.80 ◦C (CF20)
and 19.00 ◦C (C20 and CL20), while on the inner side (B), temperatures ranged between 21.40 ◦C for C
and 20.60 ◦C for C20 and CL20. Regarding final temperatures (climatic chamber conditions of 30 ◦C
and 33% RH), CF20 was the mixture with the highest temperature on the XPS side (25.50 ◦C) and CL20

presented the lowest (23.40 ◦C). On the brick wall side, the temperature varied between 25.00 ◦C (CF20)
and 21.30 ◦C (CL20).

The average temperature of the layer can give an estimation of the solid or liquid state of PCMs.
As verified in a previous study, the phase change temperature of the PCM used was 22 ◦C [16]. Table 3
shows that the initial average temperatures (15 ◦C inside the chamber) remained under 22 ◦C in all
cases. Therefore, it can be assumed that the PCM was in a solid state. On the other hand, as the average
temperature at the end of the heating cycle was above 22 ◦C (Table 3), it can be said that during each
heating cycle, the PCM changed from solid to liquid state in all cases.

With regard to the temperature differences between both sides of the mortar plates (XPS and
brick wall), it can be observed that initially the values ranged between 1.80 ◦C (C) and 0.30 ◦C (CLF20),
while at the end they varied between 2.10 ◦C (CL20) and 0.40 ◦C (CLF20).

Figure 3 presents the temperature increases on both sides of the mortar layer. Figure 3a,b compare
the samples with and without PCM (C and C20) and Figure 3c,d plot the temperature curves of samples
with PCM (C20) and the other components (CF20, CL20 and CLF20).
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Figure 3. Temperature on both sides of the PCM cement-lime mortar layer during a heating cycle.
(a) Inner side (XPS) of C and C20 plates. (b) Outer side (B) of C and C20 plates. (c) Inner side (XPS) of
C20, CF20, CL20 and CLF20 plates. (d) Outer side (B) of C20, CF20, CL20 and CLF20 plates.

As expected, Figure 3a shows how the temperature on the side of the enclosure in contact with the
heating source (XPS) increased continuously until the stabilisation of the system (final temperature).
The incorporation of 20% of PCM reduced the slope of the curve, reducing the final temperature on the
surface of the mortar layer. The same effect can be observed on the inner side of the plate in contact with
the brick wall (B) of the plates. Accordingly, it can be said that PCM reduces the temperature on both
sides of the mortar layer. The average temperature of the layer was therefore reduced, although the
difference between them was similar (Table 3).

The enclosures with PCM mortars also showed a temperature increase due to the effect of the
temperature increase inside the climatic chamber. When compared (Figure 3c,d), two groups of
mixtures were identified. C20 and CL20 showed final temperatures under 23 ◦C and a slower increase
compared to the mixtures with cellulose fibres (CF20 and CLF20), which showed temperatures over 25 ◦C.
Temperature differences between both sides of the C20 and CL20 plates were 2 ◦C, while temperature
differences between CF20 and CLF20 were 0.5 and 0.4 ◦C, respectively. These differences were more
significant on the inner side of the enclosure at the end of the test. Consequently, the addition of
cellulose fibres increased the overall temperature of the mortar layer.

4.1.2. Cooling Cycle

Temperature was monitored on both sides of the mortar layer during the cooling cycle, which
was tested after the heating cycle. Table 4 shows the experimental results obtained on both sides of the
mortar layer. The initial and final temperature on both sides of the layer, the average values of the
layer and the difference in temperature between both sides are summarised.
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Table 4. Temperatures on both sides of the PCM cement-lime mortar layer measured inside the
enclosure during the cooling cycle (from 30 ◦C to 15 ◦C).

Temperatures C C20 CF20 CL20 CLF20

Initial Ti (◦C)

Inner side (B) 22.30 21.60 25.20 21.50 23.80
Outer side (XPS) 24.10 23.90 25.60 23.90 25.40

Final Tf (◦C)

Inner side (B) 21.50 20.90 21.70 20.90 21.40
Outer side (XPS) 21.50 19.80 21.40 19.70 21.00

Layer average Ti 23.20 22.75 25.40 22.70 24.60
Layer average Tf 21.50 20.35 21.55 20.30 21.20

T difference Ti 1.80 2.30 0.40 2.40 1.60
T difference Tf 0 1.10 0.30 1.20 0.40

Initial temperatures on both sides, average temperature of the mortar layer and the difference
in temperature were slightly different compared to the end of the previous heating cycles due to the
thermal inertia of the enclosure specimen. The initial average temperature was over 22 ◦C for all
mixtures, so PCM was in a liquid state.

Regarding the final temperature, the C mixture presented the highest value (21.50 ◦C) and CL20

the lowest one (19.70 ◦C) on the XPS side, while on the B side, the temperature ranged between 20.90 ◦C
(C20 and CL20) and 21.70 ◦C (CF20). As the final average temperature was under 22 ◦C in all cases,
PCM was in solid state after the cooling cycle. As occurred during the heating cycle, it can be stated
that during the cooling cycle for each mixture, the PCM changed its phase from solid to liquid.

Table 4 shows the values of temperature differences between both sides of the plates at the
beginning and end of the cooling cycle. CL20 was the mixture that presented the highest value with
2.40 ◦C, while CF20 presented the lowest one with 0.40 ◦C. The final values ranged between 1.20 ◦C
(CL20) and 0 ◦C (C).

The temperature evolution on both sides of the mortar layer, inside the enclosure, during a cooling
cycle test are plotted in Figure 4: Figure 4a,b show the temperature development during cooling cycles
of mortars without PCM (C) and with 20% of PCM (C20) and Figure 4c,d plot the temperature of
mixtures with PCM (C20) and with the other components (CF20, CL20 and CLF20).

The results obtained showed that there was no significant difference when PCM was incorporated
into the mortar (Figure 4a,b). However, when cellulose fibres or LWA were added, some differences
arose. Mortar with LWA only did not show significant differences in C20, although the use of cellulose
fibres (both with or without LWA) increased the slope of the temperature curve, especially on the inner
side of the enclosure (Figure 4d).

Summarising the results measured for a cooling cycle, the addition of PCM increased the
temperature difference between the outer and the inner side of the mortar layer, LWA did not produce
significant changes in temperature and cellulose fibres reduced the difference. C20 and CL20 showed a
final temperature difference of over 1 ◦C, while for CF20 and CLF20 the difference was under 0.5 ◦C.

For both heating and cooling cycles, mortars with LWA and 20% of PCM recorded the highest
temperature differences between the outer and inner sides of the mortar layer inside the enclosure.
Considering the differences between the initial and final temperatures on both sides of the mortar layer,
PCM showed greater influence during the cooling cycle than during the heating cycle. On the other
hand, the addition of fibres reduced the effect of PCM and PCM plus LWA on the temperature changes
produced by the heating and cooling cycles.
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Figure 4. Temperature on both sides of the PCM cement-lime mortar layer during a cooling cycle.
(a) Inner side (XPS) of C and C20 plates. (b) Outer side (B) of C and C20 plates. (c) Inner side (XPS) of
C20, CF20, CL20 and CLF20 samples. (d) Outer side (B) of C20, CF20, CL20 and CLF20 samples.

4.2. Effect of the PCM Cement-Lime Mortar Layer on the Overall Thermal Performance of the Brick Wall
Enclosure under Heating and Cooling Cycles

Temperature and heat flux (HF) were measured for enclosure specimens with an intermediate
mortar layer with PCM, LWA and cellulose fibres. Heating and cooling cycles were applied with a
climatic chamber and the results were compared.

4.2.1. Heating Cycle

The experimental results of temperature and heat flux on both sides of the enclosure during a
heating cycle are plotted in Figure 5 and the main data are summarised in Table 5. Figure 5a,c relate
the temperature evolution of mortars with and without PCM while Figure 5b,d compare the heat flux
(HF) evolution during a heating cycle (from 15 ◦C to 30 ◦C). Figure 5a compares the temperature curve
of enclosures with mortar layers without and with PCM, C and C20, respectively. During the test,
the temperature on the external side of the enclosure increased until 30 ◦C was reached at 200 min,
remaining constant until the end of the test. Temperatures on the inner side of the wall (in laboratory
conditions) were almost constant until 200 min, increasing slightly afterwards due to the arrival of
the thermal wave front. It can be observed that the addition of PCM to the cement-lime mortar layer
reduced the inner temperature by 1 ◦C compared to the same mortar without the addition of PCM.
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Figure 5. Temperature and heat flux monitored on the inner and outer sides of enclosures with a PCM
cement-lime mortar layer during a heating cycle (from 15 ◦C to 30 ◦C). (a) Temperature of enclosures with
and without PCM mortar layer (C and C20). (b) Heat flux of enclosures with and without PCM mortar
layer (C and C20). (c) Temperature of enclosures with different types of PCM mortar (C20, CF20, CL20 and
CLF20). (d) Heat flux of enclosures with different types of PCM mortar (C20, CF20, CL20 and CLF20).

Table 5. Summary of temperature and heat flux main results on both sides of the brick wall enclosure
with a PCM cement-lime mortar layer during a heating cycle.

Thermal Parameters C C20 CF20 CL20 CLF20

Initial inner Ti (◦C) 21.13 20.50 23.11 20.63 22.61
Final inner Tf (◦C) 22.63 21.20 24.11 21.63 24.11

Tinner difference (◦C) 1.5 0.7 1 1 1.5

Max. outer HF (W/m2) 105 90 95 140 110
Inner infl. point (min) 370 400 580 440 540
Final outer HF (W/m2) 3.24 4.60 3.92 3.15 4.47
Final inner HF (W/m2) 1.82 3.15 3.15 2.55 2.55

Figure 5c compares the temperature of enclosures with PCM mortars with different compositions
(C20, CF20, CL20 and CLF20). As expected, no difference in the outer temperature was observed.
However, two groups of inner temperature curves were identified, related to whether they had
cellulose fibres (CF20 and CLF20) or not (C20 and CL20). Enclosures with a PCM mortar layer with fibres
reached 3 ◦C above the inner temperature of enclosures without fibres, which barely reached 21 ◦C.

The heat flux measured on both sides of the enclosures during a heating cycle is plotted in
Figure 5b (mortar with and without PCM) and in Figure 5d (PCM mortars with different compositions).
A general trend can be observed in the outer HF, with a sharp initial increase until a peak value,
followed by a fast decrease and then a slow decrease until a final stabilisation at a steady-state heat flux.
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Figure 5b,d also record the heat fluxes on the inner side of the enclosure. The curves followed a
general trend, where the heat flux showed a slight decrease until the arrival of the thermal wave front
and a moderate increase afterwards until reaching the steady-state stabilisation value.

Table 5 summarises temperature values on the inner side of the enclosure. The initial temperature
varied between 23.11 and 20.50 ◦C, while the final temperature ranged between 21.20 and 24.11 ◦C
(CF20 and C20, respectively). Enclosures with PCM mortar with cellulose fibres (CF20 and CLF20)
recorded the highest values of final temperature, which can be considered the worst scenario, while C20

and CL20 showed the most advantageous behaviour.
The peak HF values measured on the outer side of the wall (in direct contact with the climatic

chamber conditions) are also presented in Table 5. The maximum peak HF value (140 W/m2) was
measured for PCM mortar with lightweight aggregate (CL20) due to the lower conductivity provided
by the LWA (Table 2). Accordingly, the combination of PCM and LWA showed the most advantageous
behaviour, delaying the advance of the heat wave front through the enclosure.

Table 5 also presents the time of arrival of the heat wave front to the inner side of the enclosure
(inner HF inflexion point). It can be observed that the enclosures with lower thermal conductivity
(λL in Table 2) delayed the arrival of the heat wave to the inner side, increasing the effective thermal
inertia of the enclosure.

The final HF measured after thermal and HF stabilisation showed small differences among the
enclosures tested, ranging between 3.15 and 4.60 W/m2 on the outer side and between 1.82 and
3.15 W/m2 on the inner side. The small difference between the outer and the inner sides can be
attributed to mass transfer related to water movement through the enclosure.

Based upon the temperature and heat flux results during the heating cycle, some analyses can
be done. It can be seen that C presented an initial temperature 0.66 ◦C higher than C20, although
both constructive systems were stabilised under the same climatic conditions both inside and outside.
Likewise, C and C20 presented great differences in the temperature increase during the test, as C
increased its temperature 1 ◦C more than C20, which could be related to the addition of 20% of PCM to
the mortar. Regarding the heat flux measured on the inner side, the incorporation of PCM delayed by
30 min the arrival of the heat wave front, delaying the inflexion point from 370 to 400 min, which could
be related to the heat storage capacity of PCM.

Considering mortars with 20% of PCM, two groups were identified related to the presence of
cellulose fibres. Mixtures with fibres (CF20 and CLF20) showed an initial temperature 2–3 ◦C higher
than mortars without fibres (C20 and CL20). This difference remained almost constant during the
test. Regarding the HF peak, the compositions with lightweight aggregate showed the largest values
(140 W/m2 and 110 W/m2) and, therefore, the larger delay in the heat wave front. It can be seen that the
reference mixture (C) also showed similar values due to its higher density (Table 2) and, consequently,
its higher thermal inertia.

Finally, the incorporation of lightweight aggregates and cellulose fibres also produced an extra
delay in the arrival of the heat wave front to the inner side of the enclosure (Table 5 and Figure 5d).
Accordingly, the delay above 400 min can be attributed to the other components beyond the effect
produced by PCM alone. The delay was longer for mixtures with fibres than mixtures with LWA.

4.2.2. Cooling Cycle

The experimental results of temperature and heat flux on both sides of the enclosure during a
cooling cycle (from 30 ◦C to 15 ◦C) are plotted in Figure 6 and the main data are summarised in Table 6.
Figure 6a,c relate the temperature evolution of mortars with and without PCM, while Figure 6b,d
compare the heat flux (HF) evolution during a heating cycle.
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Figure 6. Temperature and heat flux monitored on the inner and outer sides of enclosures with a PCM
cement-lime mortar layer during a cooling cycle (from 30 ◦C to 15 ◦C). (a) Temperature of enclosures with
and without PCM mortar layers (C and C20). (b) Heat flux of enclosures with and without PCM mortar
layers (C and C20). (c) Temperature of enclosures with different types of PCM mortar (C20, CF20, CL20 and
CLF20). (d) Heat flux of enclosures with different types of PCM mortar (C20, CF20, CL20 and CLF20).

Table 6. Summary of temperature and heat flux main results on both sides of the brick wall enclosure
with PCM cement-lime mortar layer during a cooling cycle.

Thermal Parameters C C20 CF20 CL20 CLF20

Initial inner Ti (◦C) 22.63 22.13 24.11 21.63 24.11
Final inner Tf (◦C) 21.63 21.13 23.61 20.63 23.11

Tinner difference (◦C) 1 1 0.5 1 1

Max. outer HF (W/m2) 100 90 110 95 105
Inner infl. point (min) 320 450 270 540 270
Final outer HF (W/m2) 3.24 3.24 3.92 4.47 5.13
Final inner HF (W/m2) 1.82 1.32 1.82 1.87 1.87

Figure 6a compares the temperature curve of enclosures with mortar layers without and with PCM,
C and C20, respectively. During the test, the temperature on the external side of the enclosure decreased
until 15 ◦C was reached at 200 min, remaining constant until the end of the test. Temperatures on the
inner side of the wall (in laboratory conditions) were almost constant until 200 min, slowly decreasing
slightly afterwards due to the arrival of the thermal wave front. The addition of PCM to the cement-lime
mortar layer reduced the inner temperature by 1 ◦C compared to the same mortar without the addition
of PCM.

Figure 6c compares the temperatures of enclosures with PCM mortars with different compositions
(C20, CF20, CL20 and CLF20). The temperatures measured on the outer side followed the same

74



Materials 2020, 13, 4043

curve in all cases, as expected. On the inner side, as happened for the heating cycle, two groups
of temperature curves can be seen, corresponding to the incorporation of cellulose fibres (CF20 and
CLF20), which remained roughly 2 ◦C above the other mixtures.

The heat flux measured on both sides of the enclosures during the heating cycle is plotted in
Figure 6b (mortar with and without PCM) and in Figure 6d (PCM mortars with different compositions).
The HF curves showed a general pattern similar to that observed for the heating cycle, although the
heat moved to the opposite direction in this case. The curves of the outer HF began with a sharp initial
increase until a peak value, followed by a fast decrease and a final slow decrease afterwards until a
stabilisation at a steady-state heat flux.

Figure 5b,d also record the heat fluxes on the inner side of the enclosure. The curves followed a
general trend, where the heat flux showed a slight decrease until the arrival of the thermal wave front
and a moderate increase afterwards until reaching the stabilisation steady-state value. In the case of
the cooling cycle, the addition of PCM did not cause significant changes in the thermal capacity of
the mortar when it changed from liquid to solid phase. On the other hand, it can be observed that
mixtures with fibres presented a higher initial temperature in comparison with the mixtures without
them. This trend continued over time (Figure 6d).

Table 6 summarises temperature values on the inner side of the enclosure. The initial temperature
varied between 24.11 ◦C (CF20 and CLF20) and 21.63 ◦C (CL20), while the final temperature ranged
between 20.63 and 23.63 ◦C (CL20 and CF20, respectively). Enclosures with PCM mortar with cellulose
fibres (CF20 and CLF20) recorded the highest values of final temperature.

The peak HF values measured on the outer side of the wall (in direct contact with the climatic
chamber conditions) are also presented in Table 6. The maximum peak HF value (110 W/m2) was
measured for PCM mortar with cellulose fibres (CF20) because it also showed the highest initial
temperature. However, when the time to reach the inflection point on the inner side of the enclosure,
corresponding to the time of arrival of the heat wave front, was considered, CF20 did not show the
longest delay. As happened for the heating cycle, C20 and CL20 showed the longest delays. It can be
observed that the enclosures with lower thermal conductivity (λL in Table 2) delayed the arrival of
the heat wave to the inner side, increasing the effective thermal inertia of the enclosure. In this case,
PCM showed a greater effect (130 min) than LWA (90 min).

The final HF measured after thermal and HF stabilisation showed small differences among the
enclosures tested, ranging between 3.24 and 5.13 W/m2 on the outer side and between 1.32 and
1.87 W/m2 on the inner side. The small difference between the outer and the inner sides can be
attributed to mass transfer related to water movement through the enclosure.

Based upon the temperature and heat flux results during the cooling cycle, it can be seen that
the inner temperature depended more on the initial inner temperature rather than on the mortar
composition. Regarding the heat flux measured on the inner side, the incorporation of PCM delayed
by 130 min the arrival of the heat wave front, due to the heat storage capacity of the PCM, while LWA
supplied 90 extra minutes of delay. On the contrary, cellulose fibres did not increase the positive effect
of the PCM.

5. Conclusions

An experimental study to evaluate the behaviour under different climatic conditions of a new
enclosure solution containing microencapsulated phase change material cement-lime mortars with
LWA and fibres inside was carried out. The experimental program assessed the thermal behaviour of
the mortar layer and the overall enclosure by measuring the temperature and heat flux during heating
and cooling cycles. The main conclusions of this study were:

(1) The addition of PCM to a conventional cement-lime mortar modified the physical, mechanical
and thermal properties of the mortar, reducing density and strength, while increasing heat
storage capacity.
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(2) The addition of lightweight aggregates and fibres also modified mortar heat transfer capacity,
increasing some properties already improved by PCM.

(3) The thermal behaviour of the PCM cement-lime mortars depended not only on the composition
but also on the climatic conditions to which they were subjected.

(4) The addition of cellulose fibres facilitated the heat/cold transfer through the mortar layer, increasing
or decreasing the average temperature of the mortars, which can be less favourable, especially in
heating conditions.

(5) The addition of PCM delayed by 30 min the arrival of the heat wave front (8.1%) during the
heating cycle. During the cooling cycle, the addition of PCM delayed by 130 min (40.6%) the
arrival of the heat wave front compared to the reference mixture without PCM.

(6) LWA reduced thermal conductivity, increasing thermal insulation capacity and, therefore,
producing an advantageous coupled effect with PCM energy storage capacity. Consequently,
the combined use of PCM and LWA produced a remarkable delay of the heat wave front on the
inner side of the enclosure in both heating (19%) and cooling conditions (68.7%), compared to the
reference mixture.

(7) The combination of cellulose fibres and PCM showed a reduced synergic effect, but only in
heating conditions.
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Nomenclature

PCM Phase change material RH Relative humidity
F Cellulose fibre Ti Initial temperature
LWA Lightweight aggregate Tf Final temperature
D Bulk density XPS Insulation layer
OP Open porosity B Brick layer
VD Water vapour resistance factor HF Heat flux

References

1. Palomar, I.; Barluenga, G.; Puentes, J. Lime–cement mortars for coating with improved thermal and acoustic
performance. Constr. Build. Mater. 2015, 75, 306–314. [CrossRef]

2. Sala, E.; Zanotti, C.; Passoni, C.; Marini, A. Lightweight natural lime composites for rehabilitation of Historical
Heritage. Constr. Build. Mater. 2016, 125, 81–93. [CrossRef]

3. Bentchikou, M.; Guidoum, A.; Scrivener, K.; Silhadi, K.; Hanini, S. Effect of recycled cellulose fibres on the
properties of lightweight cement composite matrix. Constr. Build. Mater. 2012, 34, 451–456. [CrossRef]

4. Terés-Zubiaga, J.; Martín, K.; Erkoreka, A.; Sala, J.; Escudero, K.M. Field assessment of thermal behaviour of
social housing apartments in Bilbao, Northern Spain. Energy Build. 2013, 67, 118–135. [CrossRef]

76



Materials 2020, 13, 4043

5. Terés-Zubiaga, J.; Campos-Celador, A.; González-Pino, I.; Escudero-Revilla, C. Energy and economic
assessment of the envelope retrofitting in residential buildings in Northern Spain. Energy Build. 2015,
86, 194–202. [CrossRef]

6. Ryms, M.; Januszewicz, K.; Kazimierski, P.; Zaleska-Medynska, A.; Klugmann-Radziemska, E.;
Lewandowski, W.M. Post-Pyrolytic Carbon as a Phase Change Materials (PCMs) Carrier for Application in
Building Materials. Materials 2020, 13, 1268. [CrossRef] [PubMed]

7. Sharma, A.; Tyagi, V.; Chen, C.; Buddhi, D. Review on thermal energy storage with phase change materials
and applications. Renew. Sustain. Energy Rev. 2009, 13, 318–345. [CrossRef]

8. Cabeza, L.F.; Castell, A.; Cabeza, L.F.; De Gracia, A.; Fernandez, A.I. Materials used as PCM in thermal
energy storage in buildings: A review. Renew. Sustain. Energy Rev. 2011, 15, 1675–1695. [CrossRef]

9. Ryms, M.; Klugmann-Radziemska, E. Possibilities and benefits of a new method of modifying conventional
building materials with phase-change materials (PCMs). Constr. Build. Mater. 2019, 211, 1013–1024.
[CrossRef]

10. Rao, V.V.; Parameshwaran, R.; Ram, V.V. PCM-mortar based construction materials for energy efficient
buildings: A review on research trends. Energy Build. 2018, 158, 95–122. [CrossRef]

11. Jayalath, A.; Nicolas, R.S.; Sofi, M.; Shanks, R.; Ngo, T.; Aye, L.; Mendis, P. Properties of cementitious mortar
and concrete containing micro-encapsulated phase change materials. Constr. Build. Mater. 2016, 120, 408–417.
[CrossRef]
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Coherent Investigation on a Smart

Kinetic Wooden Façade Based on

Material Passport Concepts and

Environmental Profile Inquiry.

Materials 2021, 14, 3771. https://

doi.org/10.3390/ma14143771

Academic Editors: Sukhoon Pyo and

Antonio Caggiano

Received: 4 May 2021

Accepted: 2 July 2021

Published: 6 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Construction Engineering and Lighting Science, Jönköping University,
551 11 Jönköping, Sweden; ibrahim.yitmen@ju.se

2 Department of Engineering and Chemical Sciences, Karlstad University, 651 88 Karlstad, Sweden;
asaad.almssad@kau.se

3 Department of Architecture, Akdeniz University, Antalya 07058, Turkey; ilknurakiner@akdeniz.edu.tr
4 Vocational School of Technical Sciences, Akdeniz University, Antalya 07058, Turkey;

ernurakiner@akdeniz.edu.tr
* Correspondence: amjad.al-musaed@ju.se; Tel.: +46-700451114

Abstract: Wood is one of the most fully renewable building materials, so wood instead of non-
renewable materials produced from organic energy sources significantly reduces the environmental
impact. Construction products can be replenished at the end of their working life and their elements
and components deconstructed in a closed-loop manner to act as a material for potential construction.
Materials passports (MPs) are instruments for incorporating circular economy principles (CEP) into
structures. Material passports (MPs) consider all the building’s life cycle (BLC) steps to ensure that it
can be reused and transformed several times. The number of reuse times and the operating life of
the commodity greatly influence the environmental effects incorporated. For a new generation of
buildings, the developing of an elegant kinetic wooden façade has become a necessity. It represents
a multidisciplinary region with different climatic, fiscal, constructional materials, equipment, and
programs, and ecology-influencing design processes and decisions. Based on an overview of the
material’s environmental profile (MEP) and material passport (MP) definition in the design phase, this
article attempts to establish and formulate an analytical analysis of the wood selection process used
to produce a kinetic façade. The paper will analyze the importance of environmentally sustainable
construction and a harmonious architectural environment to reduce harmful human intervention on
the environment. It will examine the use of wooden panels on buildings’ façades as one solution
to building impact on the environment. It will show the features of the formation of the wooden
exterior of the building. It will also examine modern architecture that enters into a dialogue with the
environment, giving unique flexibility to adapt a building. The study finds that new buildings can be
easily created today. The concept of building materials passport and the environmental selection of
the kinetic wooden façade can be incorporated into the building design process. This will improve
the economic and environmental impact of the building on human life.

Keywords: double skin; environmental profile; material passport; kinetic façade; wooden façade

1. Introduction

The construction industry accounts for more than 30 percent of the extraction of
natural resources and 25 percent of the world’s solid waste since the construction industry
mostly follows a sequential business paradigm of “taking, manufacturing, disposing of,”
using and disposing of goods at the end of their lives, as they are put together for the
one-off and not reused [1]. The industry has been changing its paradigms over recent
decades by implementing a circular economy model to maintain closed-loop materials
with the highest capacity for minimizing waste production and resource mining for the
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construction industry [2]. In particular, it will continue to be a paradigm change in the
industry as a whole. According to the Ellen MacArthur Foundation (EMF), which works
in accelerating the transition to a circular economy, the end-of-life goods and building
materials, and components, can be reused, used as resource banks for new buildings,
and retained as the circular economy’s general perspective in a closed-loop segment or
material [3]. However, for greater market acceptance, this definition requires knowledge
development and tools [4], particularly in the building sector, in which innovational
engineering design takes more time [5] since buildings are always one-of-a-kind designs
together with the wide supply chain, which adds to the difficulty [6]. The design of a
dynamic (kinetic) façade is one of the most interesting solutions in the structure, adapting
to changes in the outside environment.

The kinetic façade is a breakthrough in buildings’ architecture [7]. For the Scandina-
vian region, kinetic façades are a new trend, in which they can currently be counted on the
fingers of a hand [8]. If we talk about greening, today it is relevant all over the world; there
are more and more green areas in large cities. Dynamic façades adapt the space according
to the needs of the people.

Buildings with variable façades can certainly be called a new era in architecture. The
kinetic façade is a breakthrough trend in building architecture. The façade is in motion;
here is a more accurate description of it: A kinetic façade is a building cladding in con-
stant motion from an engineering perspective under the influence of nature or mechanics
forces [9,10]; this is a constantly changing façade pattern [11]. Therefore, selecting appro-
priate materials is a critical and meticulous step to achieve the building façade design’s
desired effect [12].

Different materials can convey different feelings on the exterior of the building. A
tight grasp of the materials’ properties can create an extraordinary and intriguing façade
effect when using materials. The influence of materials and craftsmanship on the design
of building façades is very important. In recent year primitive natural building materials
to the widely used building materials such as woods, stones, and reeds have formed the
architectural style characteristics of various periods.

Although kinetic façades are quite new, the types they take are already very diverse.
Every style, including triangular elements to giant sunshades, wooden frames, and pro-
jected animations, serves a specific function and takes on a distinct form [13].

Consisting of qualitative knowledge, also the quantitative database of a structure’s
material property, the material passport (MP) presents components found in designs and
demonstrates their recyclability and environmental effects [14]. Today, the structure of
kinetic wooden materials for the façade in a new generation of building conception is
supported by strong arguments, innovations, and improvements introduced in the recent
period, helping promote ecological material for new construction worldwide [15]. The
research in the kinetic wooden façade as part of sustainable environment buildings arouses
great interest in the construction sector. Thus, we will see opportunities to develop wood
construction research considerably at our universities in the next few years. It allows us to
establish construction technology as a research subject at our institutions and strengthen
the relation with city municipalities in usable form. BEAT 2000 is a systematic methodology
of environmental assessment and measurement of environmental impacts of building
materials in their life cycles [14] based on the SBI (DK) simulation programmer used to
calculate the environmental profile.

The objective of this research is to address questions such as:

• What is the role of the kinetic façade in modern architecture today?
• How does the kinetic wooden façade contribute to modern building conception?
• Why is the material passport system required in creating the ecological kinetic façade?
• What is the evaluation of the environmental profile impact on the wooden façade?

The analysis will review the most appropriate building material passports used in
a smart wooden kinetic façade to confirm the environment’s natural material. First, this
research attempts to classify the criteria that have an especially strong effect on material
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selection through material passports. The second goal is to assess various architecture
systems and their basic requirement in light of the chosen solution requirements. Finally,
this investigation will focus on using wooden and ecological materials to build façade
models and technology.

The research will provide an efficient material passport (MP) and a smart technology
for innovative kinetic wooden façade architecture, where modern technical components
can be integrated into façade elements. Almost all façade materials and systems are suitable
for use combined with different kinds of wood to express the designer’s creation intent
and match the environment [16]. Temperature and humidity can be effectively adjusted
under proper insulation by cooperating with board and membrane materials with different
building physical properties [16]. The building’s energy consumption can be reduced to
the lowest level under the premise of ensuring the indoor environment’s comfort. Rug-
giero et al. [17] supposed that over the last 40 years, reforming in the building sector
has had an extraordinary evolution, which has led, from the intuition of the possibility
to import models and methodologies from the industrial sector an environmental and
safety building component. The most usable material in history was wood. Waste-free
properties, thermal efficiency, durability, original texture, an advantage in handling, and
several additional wood attributes contribute to a comfortable and relaxing living environ-
ment [18]. Munir et al. [19] conclude that the wood’s raw, brittle, and moisture-absorbing
properties are often misunderstood because of its organic, porous, and moisture-absorbing
surface, where the organic nature of wood makes it environment-friendly. Regarding the
environmental and energy considerations, the utilization of wood in design is regarded as
the best material for addressing these problems. It is no coincidence that existing structures
were made of solid wood to enhance their structural and architectural qualities. Wood has
lower thermal conductivity than many construction materials and is ideal for an energy-
efficient design [20]. Wood buildings behave similarly to passive solar houses by absorbing
and storing heat in the wood pulp [20]. Sekularac et al. [21] think that the wood is an
element of façade cladding in modern architecture, and the research is intended to expand
knowledge of the possibilities and limitations and create the foundation for their correct
wider use. Sekularac et al. [21] consider that the wood and wood-based components of
the building are used as double skin layers in the façade, where the temperature, solar
radiation, and wind have a certain impact on the architectural presence of a structure. The
wooden façade has been common material used in conjunction with ecological building
materials to express the wooden structure’s natural texture directly. Solovev [22] believes
that the construction material’s choosing process is the most important decision and has
long-term consequences for the structure’s owner.

Zhukov et al. [23] are confident that the concept of an objective selection of construc-
tion materials should include requirements for materials, building systems in which these
materials are used, work technology, architectural and planning solutions, and engineering
support systems. Khoshnava et al. [24] consider that the important factor in selecting
building material is to be an environmentally safe material for a toxic-free environment.
That will have a positive impact on humans and the environment. Lawson [25] confirms
that the safety assessment considers the impact of material on the environment in all its life
cycles. Haupt and Hellweg [26] think the most important indicators of the material’s envi-
ronmental friendliness are the possibility of recycling, energy consumption, environmental
friendliness of production, and operational characteristics. Wood occupies a special and
important place among building materials, having an undoubted priority in “sustainable
architecture” [27].

Assefa et al. [28] think that after experiencing wind and rain and other climatic
conditions, the façade presents a special texture without losing its function. The effect of a
building on the atmosphere is determined by the materials used and the energy sources
used. Wooden kinetic façades may be used with or without surface protection. Shahda [29]
suggests that the change in building technology was from traditional building technology
to smart, sustainable architecture, expanded use of environmentally safe materials in
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design, and environmentally friendly wood conservation solutions in his paper. Fakourian
and Asefi [30] consider that buildings with a kinetic wooden façade are climate-smart, not
least because they bind carbon dioxide and prevent it from being released.

At the “World Congress of Architects” in 1993, Thayer [31] proposed that the architec-
tural climate in general and structures are among the most significant components in the
detrimental human impact on the natural environment in the “Declaration Interdependence
for a Sustainable Future”.

2. Façade Analysis within the Thematic Area

2.1. Wooden Façade and Building Material Passport (BMP)

Choosing passport materials for creating a competent architectural element with suit-
ability for a building component or category becomes required. It depends on creating
an objective. There is still no clear technical regulation within the EU that would compre-
hensively regulate the building material passport (BMP), which describes the suitability,
quality, and safety requirements in different buildings and programs. All building ma-
terials require a mandatory assessment of compliance with competency, suitability, and
safety requirements. A structured description of building materials allows more successful
working in the ABC industry, developing the concept of efficiency and bio-economy in the
construction sector [32]. The wide range of building materials put into circulation at the
moment is so extensive that it is often impossible to do without difficulties in determining
the composition of the mandatory accompanying classifications and information. Quality
and material classification are primary details characterizing and describing building mate-
rials’ products [33]. To some extent, a technical passport of products, which is an integral
part of the accompanying information, can act as a passport for the quality of building
materials. Still, this phrase is generally understood as any material description that testifies
building materials’ quality, suitability, and safety.

Companies’ economic models are transformed as circular economy practices that are
implemented. If data are systematized and optimized, it becomes easier to adapt, add value,
and implement energy-efficient and recycling initiatives in the building industry. BMPs
are instruments for incorporating the circular economy into residential design. Creating
more effective and resilient ecosystems, they would be crucial in preserving and delivering
knowledge to consumers in company supply chains. Resources’ worth and useful life
are maintained, repaired, or even improved by locating them in a database, transferring
them, and reusing them. Munaro et al. [34] propose a BMP model for Brazil’s wood-frame
structure, including general awareness, security, preservation, use, service, installation
directions, reuse, and product support history. Centered on Munaro’s BMP concept, this
analysis proposes a MP for wood façades.

2.2. Wooden Façade and Environmental Profile Analysis (EPA)

Environmental considerations are on the way to becoming an integral part of the
design process when creating the world’s architecture and construction. In the 1990s of
the last century, the environment finally came on architecture’s main agenda [35]. How-
ever, the problem is not infrequently handled at a somewhat naive level, focusing on the
signal value rather than concrete environmental results. The environment is something
with nature; so-called natural materials are preferred when environmentally friendly. In
reality, all materials, even plastic, come from nature. Simultaneously, all common building
materials have undergone a processing process, i.e., they are not natural in the sense of the
original [14]. However, it is often meant as wood or green areas. Philosophically, it is about
different ways of understanding the world.

On the other hand, the romantic wants to emphasize the sensual and the thoughts and
feelings it triggers in the viewer. The engineer and the architect fill different roles in the
construction. The engineer is educated in a scientific tradition and must strive for “objective
truth”. It is something of a mouthful about contemporary construction’s multifaceted
reality, even when limited to the physical field. Therefore, the engineer must specialize.
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With the specialization, the overview and understanding of the built whole are weakened,
just as the risk of using agreed-upon terminology increases. It requires comparing the
material-related environmental impacts with the selected building material passport. It is
necessary to enhance the choice process of material and its overall environmental impact
to get objective results to use numbers, diagrams, words, and pictures to describe the topic.

3. Kinetic Façade Role in Modern Building Design

An ecological kinetic façade with a new modular building structure means a façade
system with a modular preassembled construction adjusted to various required conditions
in different sites and positions [36].

Kinetic architecture is the art and science of constructing buildings so that structural
elements can move relative to each other without disrupting the building’s overall integrity.
Kinetic factors affect how the building panels move, fold, rotate, and transform, solving
various climatic and aesthetic problems [37]. The visual transformation in this architecture
direction is not hidden between the internal engineering communications [38]. The process
of changing the façade of kinetic buildings is visible to everyone—if you need to hide the
room from the sun, then the whole house will “take” this in. In the early 20th century,
architects began to explore the possibility of introducing kinetics elements into buildings.
The understanding was formed that movement in architecture can be produced with
engines mechanically or using people, air, water, and other kinetic forces. For example, the
wooden kinetic façade can include massive wooden elements supported by separate frames
from the outer wall. According to the façade orientations, the façade’s kinetic aspects are
programmed to reduce sunlight’s influence.

Every year, dozens of new original designs of dynamic façades and building envelopes
appear globally, allowing in time to change buildings’ appearance and perform several
additional functions to regulate lighting, heat protection of a building, and air exchange
of premises [39]. Architectural structures are considered static objects, but most have
special equipment that lets the building adjust to varying settings. Controls and digital
technology are revolutionizing our lives, automating nearly every aspect of our lives. These
innovations are increasingly being used in building architecture and construction [40].
These involve movable partitions, walls, active ventilation openings, curtains, screens, and
blinds, and the mechanized sections of the system that enable it to respond to changing
external environmental conditions and human behavior. Kinetic façades as controlled
dynamic structures are also found in modern building systems in most countries [41]. The
change in the position of these structures is due to certain factors: if it is necessary to
increase energy efficiency, when the temperature inside the building fluctuates (i.e., based
on the microclimate of the room), when climatic conditions change, for artistic reasons,
which attracts more people to structures and spaces. The era of responsive building
components and dynamic architecture that respond to consumer demands rapidly evolved
from the early 20th century to the last transformable façade erected based on algorithmic
control that relies on climate data and sunlight. These responsive components are high-tech
systems that use networked sensors and actuators to monitor environmental parameters
and automate functional building elements’ control.

3.1. How Does the Smart Kinetic Wooden Façade (SKWF) Contribute to Modern Building Conception?

A smart, efficient kinetic wooden façade is a high-tech project, where a high-tech
product, in general, is a data processing object, with several interactive functions. The
work will contribute to reaching the global goals for sustainable development. Relevant
objectives are minimal resource usage throughout the whole product life cycle, increased
prosperity by making technology and products available worldwide, and life-long learning
in the industry through flexible education alternatives [21]. The importance of a smart
kinetic wooden façade (SKWF) as a system that comes directly in energy performances and
healthy buildings is high, where it becomes required to develop this element according
to EU standards. The study will investigate the essential effect of using this system in the
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city façade and the environmental benefit. The study will also open a way to activate the
passport concept in the design process as a sustainability tool in building design conception.
Wooden kinetic façades can be largely prefabricated.

Modern architecture and technologies guarantee a high degree of precision, a basic
requirement for quality construction. The assembly is thus considerably reduced, and the
construction period is much shorter. Wood is a natural material. Untreated, it withstands
changes in color and surface structure due to climatic influences. The natural color of fresh
wood is not durable to any wood species used outdoors [42]. These changes, however, do
not affect the strength of the wood in any way but are rather signs of aging of the living ma-
terial. As a material for constructing façades, wood will be suitable for all types of facilities,
including residential buildings. By choosing the type of wood, which corresponds to the
environmental profile, and the installation and the surface treatment, the wooden façade
can be completely customized, even in colors. Thus, no two wooden façades are alike. The
materials selected for the wooden façade can be a special environmental characteristic. The
benefits of using environmentally friendly construction materials include practical recy-
cling choices and wood as the building material with the lowest carbon footprint [43]. The
new type of ecological materials and technologies appear that make it possible to embody
the most daring ideas because non-standard solutions increase the urban environment’s
aesthetic appeal. All types of wood used for façades have a long life, and in the end, they
are easy to recycle, as described in the environmental profile factors.

3.2. Bionic and Bioclimatic Concepts in the Adaptive Ecological Kinetic Façade

Dynamic façades adapt the building to the time of day, weather, and light level. The
building lives and exists as part of nature, wakes up at dawn, protects residents on a
hot afternoon from bright sunlight, saves energy, and even replenishes its reserves. New
systems are currently being actively developed to cover a building from excessive sun and
regulate its temperature. Bionics is a growing industry in architecture and construction,
and many bio-inspired adaptable façades have gone from concept to reality [44]. It is
necessary to establish a more comprehensive, systematic, and rational “transfer” process
from nature to the enclosing structures to achieve a thorough application of bionics in archi-
tecture, potentially influencing the efficiency of life. Adapting the building envelope to the
external climate and user requirement and providing the desired indoor temperature can
be learned from nature. Bio-adaptive enclosing structures have great potential in reducing
energy consumption and providing a comfortable operating environment [45]. Biological
adaptation is the ability of a system to adapt, that is, to meet specified requirements, in-
cluding when environmental conditions change. Building shells are enclosing structures
that can independently react to changes in their atmosphere, such as solar radiation, wind
speed and direction, air temperature, and precipitation [46]. As a result, when compared
to conventional static buildings, energy demand can be reduced because useful energy
sources are only used when they are needed.

Bio-adaptable façades act as a kind of climate mediator between comfort requirements
and environmental conditions. Façades with the built-in function of bio-adaptiveness
can be designed directly for a specific user. The investigation on the systems of bio-
adaptive kinetic façades can be based on various world experiences, where it can highlight
the latest trends in using this type of façade in modern buildings and projects. The
hypothesized adaptive kinetic façade concept is that this system’s application and viability
are possible in the climate of north Europa. The outer shell will open and close depending
on weather conditions, regulate the temperature and humidity, and create the necessary
ventilation. Thus, an ideal microclimate will be created and maintained at any time of the
year, regardless of climatic conditions.

3.3. Macro-Climatic Action and Wooden Façade Reaction

An increase in wood moisture content above 20–23% inevitably increases fungal attack
risk [43]. With drops in humidity and temperature (when the weather changes), wood
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deforms. Its shrinkage and swelling, alternating, lead to warping and cracking through
which water enters the wood structure [47]. Ultraviolet radiation is a destroyer of wood
lignin, which binds cellulose and is the main building substance. The primary signs are
wood darkening. With longer exposure to the sun, the wood acquires a gray color; small
cracks appear in it, and water accumulates (precipitation), which gives an impetus for the
reproduction of fungi or mold. Materials for protecting the façade surfaces of wooden
houses from atmospheric influences must be elastic and resistant to external forces. On
another hand, the building orientation plays an important role in the relative proportion of
the energy gained from the outer climate as shown in Figure 1.

Figure 1. The relative proportion of the energy gained from the outer climate on the building walls
from different sides of the world [48].

4. Wooden Materials Use in Wooden Façade

The European timber industry is strongly committed to sustainable development,
especially as their raw material comes from sustainably managed forests. As the European
Commission stated several years ago, “wood and timber products play an important role
in mitigating climate change by absorbing and retaining carbon from the atmosphere” [49].
For a better comprehension of eco-friendly wood materials, and the recycling process, it
becomes required to understand the physical and chemical properties of wood and recycled
materials, as well as the interactions between wood, recycled material, and adhesive and
technological conditions [50].

4.1. Environmental Profile (EP) for a General Carpentry Material

Carpentry or carpentry-work-construction work on the manufacture of wooden struc-
tures and parts is characterized by less careful wood processing. Carpentry work includes
work on the construction of wooden walls, façades. By carpentry, wood is meant here
as building wood exterior cladding, such as panel units for a kinetic façade) as well as
veneer and chip products. The energy consumption for manufacturing is modest. As wood
absorbs CO2 during growth and is therefore considered a CO2-neutral material, there are
obvious environmental benefits from using it [51]. It has clear growth rings due to the
large color difference between light springwood and dark autumn wood, selected as the
color for the kinetic façade. With constructive wood protection, the use of heartwood and
regular surface treatments, doors, and pine windows can last 90–120 years, and in a dry
environment, the wood lasts 120–1000 years [52]. Depending on the environmental profile
(EP) of 1 m2 of this material, with a thickness of 21 mm, where the estimated cycle life is
50 years, wood has a modest thermal conductivity [53].

4.2. Larix Wood Cladding

Larix belongs to a fast-growing and durable species: some of them live 700–900 years.
A coniferous tree, up to 50–80 m high, shedding foliage for the winter, light-loving, and
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frost-resistant, grows throughout the Northern Hemisphere of our planet. Deciduous
forests can withstand temperatures down to −60 ◦C [54]. Larix is among the hardest
and heaviest coniferous species, with a very large heartwood proportion. The crucial
environmental force of larch wood is that the heartwood does not need impregnation for
exterior use. Larix wood is durable and very difficult to ignite. Its biggest physical and
aesthetic weakness is the appearance of large and rather dark lumps. The heartwood
has poor permeability and therefore moisturizes only to a limited extent by brief water
exposure. Small dimensions, such as the environmental profile of 1 m2 Larix wood, with a
thickness of 21 mm, where the estimated cycle life is 65 years, are recommended due to the
lark’s tendency to twist and bend [53].

4.3. Cedarwood Cladding

Cedarwood is valuable because it does not rot in water, is not subject to fouling by
algae and mollusks, and is not damaged by termites. Therefore, the red cedar is one of
the most favorite options for the kinetic wooden façade (KWF). The wood of European
origin is called thuja. European thuja is fast-growing and weaker than North American
wood [55]. Western Red cedar grows mixed with other coniferous species in the Western
US and Canada [56]. Cedar is a very light wood with modest compressive and bending
strength, and therefore not suitable as a construction wood. However, it is among the
most durable woods for outdoor use, partly due to a high content of essential oil with a
moisture-repellent effect and partly due to the fungicidal Thujaplicin. In Northern Europe,
cedar has been used more frequently during the 1990s, especially for exterior cladding
of façades. Therefore, it is a suitable material for a wooden façade. The environmental
profile (EP) of 1 m2 of cedarwood, with a thickness of 21 mm, has an estimated cycle life of
75 years [53].

4.4. Fiberboards

Paraffin is usually added to the wood pulp to improve the water-repellent properties
of fiberboard boards. The boards’ strength can be increased by binding agents such as
starch, rosin, and synthetic resins. Fiberboard boards are faced with natural wood veneer,
paper, fabric, plastic, fiberglass, metal, and cork. The wood fiberboards are cut and applied
to stains on one side to distinguish them from ordinary softwood boards [57]. The plates
are wind- and moisture-tight but open to vapor diffusion. The wax-impregnated boards
are cleaner to work with than similar asphalt-impregnated ones. The panels can emit
very small amounts of formaldehyde over time, on a par with ordinary planed wood.
Fiberboard with the above properties is used as a wind barrier behind a ventilated exterior
cladding. Today the eco-friendly materials can be used frequently in a new generation
of building materials, where the environmental aspects of the various board materials
are just as different as their properties and applications. Eco-friendly fiberboard panels
with acceptable physical and mechanical properties are in accordance with European
standards [58].

Fiberboard is disposed of by incineration. Standard fiberboard boards are divided
into two main classes:

• porous
• solid

In terms of its basic properties, the fiberboard material is comparable to wood since
it retains all the useful qualities of wood, for example, strength, toughness; moreover,
fiberboard is a warm material. Furthermore, the environmental profile (EP) of 1 m2 of
fiberboard, with a thickness of 19 mm, has an estimated cycle life of 100 years [53].

4.5. Chipboard

Chipboard is a composite sheet material made by hot pressing of wood particles,
mainly shavings, mixed with a binder of non-mineral origin with the introduction, if
necessary, of special additives [59]. Particle board consists of pine or spruce shavings,
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possibly birch shavings such as cover layers, ureal glue, or phenol glue, as well as small
amounts of wax. Slabs with a bulk density of at least 600 kg/m3 are used for building
purposes [60]. Particle board is very sensitive to moisture, partly because wood chips
absorb moisture to a much greater degree than, for example, defibrated wood material,
and partly because the adhesives used are not or only partially moisture resistant. Thus,
among the materials used for construction and furniture production, the chipboard takes
an important place. The estimated cycle life is 50 years for the environmental profile (EP)
of 1 m2 of chipboard, with a thickness of 21 mm [53].

4.6. Plywood

Plywood consists of glued together with thin wooden boards. The middle veneer
layers are often spruce, possibly pine, and of Scandinavian origin. Good sorts are used,
and the trunk’s best parts are used for veneers [61]. The outer cover layers can be beech,
birch, or other wood types, depending on where and whether the plywood is used visibly.
The purpose of cross-laying veneer layers is to produce a board that does not sag or
shrink significantly and has great strength concerning its weight. Depending on the
type of glue, plywood can be water- and boiling-resistant. Plywood treated with flame
retardants and impregnated against fungus can also be produced. Plywood, also known as
a wood-laminated sheet, is a multi-layer construction material created by gluing specially
designed veneer [62]. Plywood is an inexpensive finishing material suitable for exterior
wall decoration. It can be used for roughing under tiles or for finishing. Depending on the
sheets’ brand, such a surface may require protection with varnish or paint, or not require
additional processing at all. Plywood is used in construction because of its strength and
durability, and versatility. Plywood can be made also from hardwoods, softwoods, bamboo,
or a combination of different woods. The sustainability of plywood is determined not
only by how the wood is being sourced but also by the manufacturing process [63]. The
environmental profile (EP) of 1 m2 of plywood, with a thickness of 15 mm, has an estimated
cycle life of 50 years [54].

5. Results

5.1. Material Passport (MP) for Wood Façade

The Material Passport application for the wood façade is investigated using the
Mnaro et al. [35] model. General data, security, sustainability, usage and service, disassem-
bly guide, reuse, history, and other details are required for passports. Product definition,
manufacturer, device structure, usage recommendations and restrictions, technological
assessment, structural efficiency, impact tolerance, durability against the xylophage species,
water tightness, thermal and acoustic efficiency, and system reliability are the general data
collected. The data contained in terms of protection measures include fire resistance and
fire response assessment. The details gathered for sustainability include the implementa-
tion/execution protocol, transportation, assembly mechanism, and component assessment
methods. The criteria for evaluating the wood frame system’s material and component
characteristics are indicated in the National System of Technical Assessment documents,
SİNAT-005/2017 [64].

5.2. The Indicators of the Environmental Profile (EP)

Sustainable development means increased welfare that considers the earth’s ecosys-
tems and the inventory of renewable and non-renewable natural resources. Therefore, en-
vironmental evaluations of the built environment are becoming increasingly common [65].
An environmental profile is shown for the buildings’ materials and constructions per m2

floor area for buildings. All results shown in the environmental profile are expressed as
annual values. In the calculation process, each material’s environmental impact is divided
by its estimated lifetime and then summed up as part of the home’s total environmental
impact. An environmental profile is also displayed, which compares the annual environ-
mental impact per m2 of floor area from the building’s heating and building materials. This
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profile includes only energy consumption and the greenhouse effect. Here you can see
how large a share of the total environmental impact is due to the materials. Finally, a layer
cake diagram is shown, which compares the greenhouse effect’s environmental impact on
the building’s wooden façade. BEAT 2000 is a suitable tool that can be used immediately
for energy and environmental assessment of any environmental building analysis. It has
expanded the database, especially for alternative energy-saving solutions, and the materials
included could reduce the time consumption by defining the untraditional and unusual
building parts that appear during renovation.

The environmental profile (EP) consists of seven environmental indicators (see Figure 2)
covering all significant physical environmental impacts and effects. Newer constructions
are assumed to have environmental advantages and are considered to have a future in
the European market. It was chosen to focus on climate screen constructions, primarily
kinetic wooden façades, representing the most important component of a typical building
and the most environmentally damaging part of a building. The building façade is also
a central part of the architectural expression. All wooden façades have U-values related
to Building European Regulations 2020 and Building Regulations for small houses 1998.
All building façades have a U-value of 0.20, while the wooden window and glass façade
have a U-value of 1.65. All roofs have a U-value of 0.15. For all constructions, an environ-
mental profile (EP) for 1 m2 of the building in the analysis is shown. All results shown
in the environmental profile are expressed as annual values, i.e., in the calculation of the
environmental profile (EP), the environmental impact of each type of wooden material is
divided by its projected lifespan in the existing structure and then added together as part
of the overall environmental effect of the concept. Besides, a layer cake diagram is shown,
which compares the environmental impact in the form of a greenhouse effect, distributed
on the parts of the construction in analyzing:

 

Figure 2. The environmental profile indicators.

5.3. Resource Consumption

The practice of sustainable building refers to various methods in the process of imple-
menting building projects that involve less harm to the environment [35]. It is important to
make use of natural resources. They are used as input in production and consumption and
form increased safety [66]. The increasing environmental damage require urgent action
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to reduce environmental degradation [67]. Resource consumption represents an essential
factor in the environmental profile (EP). It is about the consumption of non-renewable,
or, less often, renewable, resources [68]. It explains the environmental impact of resource
consumption (see Figure 3).

 

Figure 3. The environmental profile (EP) shows the environmental impact of Resource consumption.

The environmental consequences of resource use may include a lack of energy, in-
creased area consumed, and risks associated with the extraction or cultivation process. The
results of applying this indicator to the five chosen wooden façade materials are seen in
the diagram below (see Figure 4).

Figure 4. The impact of resource consumption on the selected façade wooden material environmen-
tal [68–72].

5.4. Energy Consumption

The environmental indicator shows the environmental impact of resource consump-
tion (see Figure 5).

89



Materials 2021, 14, 3771

Figure 5. The environmental indicators show the environmental impact of resource consumption.

The environmental consequences of resource use may include a lack of energy, an
increased area consumed, and risks associated with the extraction or cultivation process.
The results of applying this indicator to the five chosen wooden façade materials are seen
in the diagram below (see Figure 6).

Figure 6. The impact of energy consumption on the selected façade wooden material [68–72].

5.5. Greenhouse Effect (×1000/CO2/Year)

The environmental impact of greenhouse gas pollution is the third predictor of the
environmental profile. The human-caused greenhouse effect is caused mainly by the
release of fluorinated greenhouse gases (F-GHGs) and other greenhouse gases, including
nitrous oxides (NOX), methane (CH4), and carbon dioxide (CO2), that trap heat that would
otherwise reflect from the planet to space. They are currently contributing to the warming
of the atmosphere. The results of applying this indicator to the five chosen wooden façade
materials are seen in the diagram below (see Figure 7).
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Figure 7. The impact of the greenhouse effect on the selective façade of wooden material [68–72].

5.6. Acidification (gSO3/Year)

The fourth indicator in the environmental profile (EP) depicts the environmental
impact of acidifying compounds (particularly sulfur dioxide and nitrogen oxides), attacking
plant leaves and needles and acidifying the soil. The results of applying this indicator to
the five chosen wooden façade materials are seen in the diagram below (see Figure 8).

Figure 8. The impact of acidification on the selective façade wooden material [68–72].

5.7. Nitrogen Load (gNO3/Year)

The fifth measure in the environmental profile (EP) represents the impact of nitrogen-
or phosphorus-containing compounds on the environment. They will lead to the expansion
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of algae or plants to get out of control, which is harmful to the environment. Applying this
indicator to the selected five wooden façade materials is shown in the below diagram’s
results (see Figure 9).

Figure 9. The impact of nitrogen on the selective façade wooden material [67–69].

5.8. Human Toxicity (m3/Year)

The sixth predictor of the environmental profile (EP) indicates that pollutants with
acute and permanent harmful effects on humans have an ecological impact. Contaminants
are released into the receiving environment at the life cycle of goods, facilities, and systems,
such as air, water, and soil. The human-health toxicity feature is described as DALY per
kg of chemicals released into a given environment [72]. Emission inventories of various
materials will include hundreds of chemicals, which could cause adverse effects to people
and habitats. Applying this indicator to the selected five wooden façade materials is shown
in the below diagram’s results (see Figure 10).

Figure 10. The impact of human toxicity on the selective façade wooden material [68–72].
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5.9. Disposal (kg/Year)

The last indicator of the environmental profile (EP) shows the building, construction,
or material when its service life is over (see Figure 11).

 

Figure 11. The environmental indicators show the environmental impact of the disposal.

Applying this indicator to the selected five wooden façade materials is shown in the
below diagram’s results (see Figures 12 and 13).

Figure 12. Shows the impact of disposal on the selective façade wooden material [68–72].
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Figure 13. The life cycle façade wooden material [68–70].

6. Discussion

Reserves and renovation speed of materials create limitations in accelerating the
useability process. So, there has to be a new creation of it for a specific material to substitute
the used one. For example, there are big reserves of natural stone but very low renovation
speed; on the contrary, there are limited reserves of wooden materials but very high
renovation speed.

The life cycle of a product, applied to the construction area, is all the ways it follows
from the acquisition of the raw materials (resources) from nature to make it, passing through
its processing, packaging, transportation, installation, use, maintenance, deconstruction,
or demolition, obtaining a waste that we can directly reuse, recycle, or dispose of in a
controlled landfill [73]. Then, of course, the cycle is closed when we do not waste anymore,
but the raw material we had at the beginning, or another material, was equally useful.

Due to the environmental problems experienced today, the trend towards sustainable
or recyclable materials in the construction sector has increased, and studies on ecological
structure concepts have increased. Wood material is also preferred because it is natural,
easy to handle, durable, and easily used with other materials. However, today’s comfort
conditions have changed; new construction technologies have been developed; the number
of floors of buildings has increased; and wooden building materials have been insufficient
for these conditions.

The construction sector is lagging when it comes to digitization in comparison to other
industry sectors. However, the rapid innovation and change in information technology
offer an immense opportunity to implement a circular economy. With the increasing
complexity and the substantial majority of materials and products in a building, digitization,
process automation, and data standards need to be a prerequisite rather than an exception,
besides the revolutionary advantages of digital technology for building and operational
processes and materials passports [74].

Digital processes must gather, process, store, and use the massive quantities of data
involved. Information stored in materials passports is only useful when the relevant actors
can use it at the required time. Materials passports (MPs) need to be integrated into BIM to
provide input data for reversible and circular design assessments [75]. BIM, which can be
seen as a digital twin, will become a standard tool in the construction industry because it
can store referencing and link data of individual components within a building over its life
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cycle. Materials passports and BIM should be seen in combination as they complement
each other.

For effective use of IoT, the development of Artificial Intelligence (AI) plays a vital
role. AI can assess information based on patterns (e.g., for information transfer) or when
collecting data [76]. For example, an automated building façade scan can be interpreted
(e.g., dimensions of windows) and analyzed. Furthermore, within the machine learning
process, there is a possibility to identify material composition in an automated way in
the future.

The architecture and engineering projects of the Circular Building highlight the transi-
tion from the industry-led linear economy paradigm of “take, make, waste” to the circular
economy [77]. The project is the third in a series of projects they have worked on with
Lewis Blackwell, Chief Strategy Officer of The Building Center in London. Smith con-
structed the Wikihouse in 2014 and the A House for London in 2015. Both projects were
designed to explore the different technologies and construction methods that emerged at
that time. The theme of Wikihouse was the open-source design and digital manufacturing,
while A House for London was the modular building and housing crisis, and the issues
of materials, resources, and waste in the construction industry were addressed [78]. The
construction industry provides the necessary infrastructure, offices, and homes for our
cities and neighborhoods and undeniably impacts the environment. According to calcula-
tions, 10 million tons of the approximately 20 million tons of waste generated in London
in 2008 are from construction [79]. As the construction industry practices develop, what
to do with the increasing waste is a big problem, as well as simultaneously extracting the
mines used in the sector and transforming them into building materials, the environmental
damages caused by the energy consumed. The Circular Building idea arises from this
point. Cyclic Building is not a circular structure; the adjective “cyclic” describes the journey
of materials. Ellen MacArthur, who had been offshore for 71 days, broke the record for
traveling worldwide by her sailing boat on February 7, 2005, when she arrived at Ushant in
Breton, France [80]. She embarked on another circular journey in September 2010 when she
founded the Ellen MacArthur Foundation, promoting the “circular economy.” A circular
economy reproduces and reuses materials just as in nature, unlike the “take, make, waste”
model of our linear economy, which is based on consuming resources. It transforms waste
into food thanks to pre-planned design processes. The fundamental philosophy has to
maintain goods at their maximum value for as long as possible so that structures and facili-
ties can be used for as long as possible. The “biosphere” and “technosphere”, named after
Swiss architect Walter Stahel [81] and based on the “cradle to cradle” concept, illuminated
by Michael Braungart as a chemist, and William McDonough as an architect, bring the
model of material circulation to existence [82].

The idea of a prototype building that is planned to bring together many components
from the construction industry, then disassemble the parts and return them to the supply
chain, created a new vision for materials engineering, and recycling has been made possible
by digital technologies [83]. Suppliers would be responsible for regenerating all of the
materials and making them available. The materials with the lowest possible energy use
and low carbon impact were chosen. A complete digital model was created and integrated
the material passport idea into the building construction. During the dismantling of the
building, footprints of every material used were recorded. Thus, the building became a
material resource, an archive to be used in the future. Buildings are described as material
banks in the context of the material passport. Instead of being dismantled during use,
buildings’ pieces are properly disassembled and reused or recycled at the same or even
higher quality standards than the conventional make-a-waste scheme. Material passport
promotes a waste-free economy. Materials passports facilitate circular business models by
identifying materials and displaying their circular pathways.

Suppliers, designers, engineers, and end-users are now able to access information
from a digital portal. The aim is to create materials with continuous cycles of use and reuse.
For example, in the maintenance cycle, products are retained to optimize their usage time,
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and the value for recovery is assured in the reprocessing and energy production loop. The
refurbishment loop allows biosphere materials to be safely cascaded into new products
until they ultimately re-enter the biosphere through incineration or composting. Many
items are not yet planned to be used circularly. The passports portal offers a feedback loop
to refine their content, product design, and facilities for improved circular use materials
passports, facilitating adapting to a circular economy. Engineering and design processes in
the circular economy require close collaboration, especially with material suppliers. People
find this idea very attractive; they are interested in the process itself and the ideas it came
up with, and they started using the modular structure we currently use, digital fabrication,
the use of materials from cradles to cradles.

Stewart Brand’s book entitled “How Buildings Learn” is a fundamental source on this
topic [84]. American author and visionary Stewart Brand is also the editor of the famous
1968 work “Whole Earth Catalog” [85], which illuminated the idea of Shearing Layers,
developed by architect Frank Duffy [86], in his 1994 book entitled “How Buildings Learn:
What Happens After They Are Built” [87]. In this approach, a building is not considered a
single entity, but a structure composed of elements that transform according to different
timelines. The layers of a building are called Six “s”: Site (location); Structure; Skin (surface);
Service (electricity, plumbing, heating); Space Plan (layout); and Stuff (items), in other
words, other stuff such as furniture that belongs to homes. Different spatial elements have
different timelines [84].

The items of the interior can also be designed differently. For example, rug suppliers
such as Desso offer the opportunity to rent a rug; the rugs would be returned at the end
of the time [88]. They also produce a new rug using the same material. It is possible to
adopt the same model for electrical products. Regarding Phillips’s “pay as you burn”
model for lighting, the user (not the consumer) pays for the light he uses instead of the
material. There is no limit to re-evaluating lighting elements. The project also benefits
from traditional materials that have undergone chemical applications. A wood material
called Accoya is the façade cladding. Accoya has become a game-changer material. Accoya,
produced from a fast-growing softwood, is treated with acetylation [86]. It is akin to drying
wood pickles. Acetylation similarly hardens the wood and stops the moisture movements
in it. It becomes durable and can be used repeatedly. It is a great material that is as hard
as wood.

Circular economy practices are spreading, although not yet mainstream. If the con-
struction industry did not support, it would not have made that much impact. It is an
important step forward in construction and engineering and a very exciting process; inno-
vators will probably continue to look for ways to disseminate for the next decades. This
approach will completely change where the materials are gathered, what they are used
for, and how they are utilized. The novelty of this study is to conduct a comprehensive,
environmentally comparative analysis of the vast of building materials and define the smart
kinetic façade role in modern building design depending on environmental profile (EP)
inquiry, regarding the idea of integrating environmental sensitivity into the material pass-
port phenomenon. The results show that considering materials’ environmental sensitivity
in terms of resource consumption, energy consumption, greenhouse effect, acidification,
nitrogen load, human toxicity, disposal, and life cycle, respectively, as a model within
the material passport (MP) concepts, will significantly contribute to the use of the right
building material at the right cost.

7. Conclusions

Wood is certainly the oldest natural material, renewable, easily recyclable, and it
can store carbon dioxide, making high wood buildings a solution capable of meeting key
sustainability goals. Moreover, since the early 20th century, thanks to the attention and
dissemination of concepts related to the environmental sustainability of processes and
production, they are studied and appreciated regarding other values about the ecosystem
balance and the perceived environmental comfort in buildings made of wood. Furthermore,
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while wood is used depending on the size of the tree used in traditional buildings, it can
be prepared in industrially desired sizes in today’s conditions. This situation has increased
the usage area of wood and has made it a material above the standards of other materials
we use in today’s needs.

Increasing ecological awareness, growing expectations for the health and comfort of
home environments, and developing interesting new products from the wood industry
are the basis for modern construction designs in the urban context. We take a holistic view
of energy consumption and the material cycle in the construction industry, and we see
that wood offers many advantages. For example, wood binds carbon dioxide during the
growth phase and protects it for years even when it becomes a wood-building material,
thus preventing carbon dioxide from entering the atmosphere again.

The study explores the possibilities to generate worth in the human-made facilities
by integrating the building material passport and the wooden kinetic façade (WKF), to
incorporate circular qualities into field value chains. The importance of data analysis to
invent and add value is shown in this tool. Thus, to optimize materials by regeneration and
recycling, the notion of waste is revised. The reintegration of materials into the innovative
business models is crucial to support LCA, also end-of-life studies. Many barriers in the
civil construction field to applying the BMP instrument include systemic consideration
of the value chain and flows, resulting in improved cooperation among stakeholders and
public assistance, emphasizing regulations and fiscal incentives necessary for a circular
economic transition.

Instead of a linear system, a transformation into a circular economy will develop, and
new features will appear. Establishing take-back systems is required to provide incentives
for participation with the information exchange and innovative business models. To obtain
the maximum benefit from materials passports for a circular economy, exchanging relevant,
up-to-date information at the right time is key to a functioning value chain.

The availability of material data is a core aspect of a functioning circular economy. As
buildings and components have long lifetimes and can have multiple changes of ownership
and responsibilities, the data need to be kept up to date and passed on to the relevant
actors systematically. A circular supply chain is only as strong as its weakest link, which
requires incentives to ensure the participation of all parties. We need to start acting now in
implementing the necessary steps in the building industry and its supply chain because
establishing a circular economy is a prerequisite for sustainable development towards a
sustainable and more circular future.
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76. Andriulaitytė, I.; Vilnius Gediminas Technical University; Valentukeviciene, M. Circular economy in buildings. Bud. o Zoptymali-
zowanym Potencjale Energetycznym 2020, 10, 23–29. [CrossRef]

77. Tooze, J.; Baurley, S.; Phillips, R.; Smith, P.; Foote, E.; Silve, S. Open Design: Contributions, Solutions, Processes and Projects. Des.
J. 2014, 17, 538–559. [CrossRef]

78. Oyedele, L.O.; Ajayi, S.O.; Kadiri, K.O. Use of recycled products in UK construction industry: An empirical investigation into
critical impediments and strategies for improvement. Resour. Conserv. Recycl. 2014, 93, 23–31. [CrossRef]

79. Sharp, N. The First and the Fastest: Comparing Robin Knox-Johnston and Ellen MacArthur’s Historic Round-the-World Voyages; The
History Press: Cheltenham, UK, 2018.

80. Stahel, W. The Performance Economy; Springer: Berlin/Heidelberg, Germany, 2010.
81. McDonough, W.; Braungart, M. Cradle to Cradle: Remaking the Way We Make Things; North Point Press: New York, NY, USA, 2010.
82. Petersen, K.H.; Napp, N.; Stuart-Smith, R.; Rus, D.; Kovac, M. A review of collective robotic construc-tion. Sci. Robot. 2019, 4.

[CrossRef]
83. Brand, S. How Buildings Learn: What Happens after They’re Built; Penguin Putnam Inc.: New York, NY, USA, 1995.
84. Brand, S. Whole Earth Catalog; Point Foundation: New York, NY, USA, 1968.
85. Duffy, F. Measuring Building Performance. Facilities 1990, 8, 17–20. [CrossRef]
86. Pushkar, S.; Verbitsky, O. LCA of different building lifetime shearing layers for the allocation of green points. Eco-Archit. V

Harmon. Archit. Nat. 2014, 142, 459. [CrossRef]
87. Agrawal, V.V.; Atasu, A.; Van Wassenhove, L.N. OM Forum—New Opportunities for Operations Management Research in

Sustainability. Manuf. Serv. Oper. Manag. 2019, 21, 1–12. [CrossRef]
88. Petrovski, A.; Petrovska-Hristovska, L.; Ivanovic-Sekularac, J.; Šekularac, N. Assessment of the sus-tainability of façade refurbish-

ment. Therm. Sci. 2019, 24, 991–1006. [CrossRef]

100



materials

Article

Optimum Placement of Heating Tubes in a Multi-Tube Latent
Heat Thermal Energy Storage

Mohammad Ghalambaz 1,2, Hayder I. Mohammed 3, Ali Naghizadeh 4, Mohammad S. Islam 5, Obai Younis 6,7,

Jasim M. Mahdi 8, Ilia Shojaeinasab Chatroudi 9 and Pouyan Talebizadehsardari 1,2,*

Citation: Ghalambaz, M.;

Mohammed, H.I.; Naghizadeh, A.;

Islam, M.S.; Younis, O.; Mahdi, J.M.;

Chatroudi, I.S.; Talebizadehsardari, P.

Optimum Placement of Heating

Tubes in a Multi-Tube Latent Heat

Thermal Energy Storage. Materials

2021, 14, 1232. https://doi.org/

10.3390/ma14051232

Academic Editors:

Carlos Garcia-Mateo and

Antonio Caggiano

Received: 29 January 2021

Accepted: 25 February 2021

Published: 5 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Metamaterials for Mechanical, Biomechanical and Multiphysical Applications Research Group, Ton Duc
Thang University, Ho Chi Minh City 758307, Vietnam; mohammad.ghalambaz@tdtu.edu.vn

2 Faculty of Applied Sciences, Ton Duc Thang University, Ho Chi Minh City 758307, Vietnam
3 Department of Physics, College of Education, University of Garmian, Kurdistan 46021, Iraq;

hayder.i.mohammad@garmian.edu.krd
4 Faculty of Mechanical Engineering, Babol University of Technology, Babol 7116747148, Iran;

ali.naghizadeh2412@gmail.com
5 School of Mechanical and Mechatronic Engineering, Faculty of Engineering and Information Technology,

University of Technology Sydney, Ultimo, NSW 2007, Australia; MohammadSaidul.Islam@uts.edu.au
6 Department of Mechanical Engineering, College of Engineering at Wadi Addwaser, Prince Sattam Bin

Abdulaziz University, Wadi Addwaser 11991, Saudi Arabia; oubeytaha@hotmail.com
7 Department of Mechanical Engineering, Faculty of Engineering, University of Khartoum,

Khartoum 11111, Sudan
8 Department of Energy Engineering, University of Baghdad, Baghdad 10071, Iraq; jasim@siu.edu
9 Department of Mechanical Engineering, Sirjan University of Technology, Sirjan 7813733385, Iran;

i.s.chatroudi@gmail.com
* Correspondence: ptsardari@tdtu.edu.vn

Abstract: Utilizing phase change materials in thermal energy storage systems is commonly con-
sidered as an alternative solution for the effective use of energy. This study presents numerical
simulations of the charging process for a multitube latent heat thermal energy storage system. A
thermal energy storage model, consisting of five tubes of heat transfer fluids, was investigated
using Rubitherm phase change material (RT35) as the. The locations of the tubes were optimized by
applying the Taguchi method. The thermal behavior of the unit was evaluated by considering the
liquid fraction graphs, streamlines, and isotherm contours. The numerical model was first verified
compared with existed experimental data from the literature. The outcomes revealed that based on
the Taguchi method, the first row of the heat transfer fluid tubes should be located at the lowest
possible area while the other tubes should be spread consistently in the enclosure. The charging rate
changed by 76% when varying the locations of the tubes in the enclosure to the optimum point. The
development of streamlines and free-convection flow circulation was found to impact the system
design significantly. The Taguchi method could efficiently assign the optimum design of the system
with few simulations. Accordingly, this approach gives the impression of the future design of energy
storage systems.

Keywords: phase change material; melting; latent heat thermal energy storage; Taguchi method;
optimization

1. Introduction

Providing facilities to cover all human needs for abundant on-demand energy leads
the total power consumption to increase swiftly. Normal life pushes humans to use energy-
driven machines and tools such as cooking, cooling, and heating, food storing [1]. Latent
heat thermal energy storage systems (LHTES) with phase change materials (PCMs) pro-
vide a solution for the mismatches between energy supplies and demands by offering a
more compact storage volume compared with conventional hot water storage tanks [2].

Materials 2021, 14, 1232. https://doi.org/10.3390/ma14051232 https://www.mdpi.com/journal/materials101
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Moreover, this method is valuable during both charging and discharging processes, as
phase change temperatures are almost constant which makes it more reliable for domestic
applications [3]. This technique is included in solar thermal plants, energy management,
peak-shaving, water heat recovery, building heating and cooling, and electronic power
management [4]. This is relatively promising for applications needing rigid operation
temperatures. Because of the weak thermal conductivity of PCMs, the thermal efficiency
of thermal energy storage systems (TES) suffers from low heat transfer rates. Different
methods are used to enhance the thermal conductivity, such as utilizing different configu-
rations of fins [5], changing the configuration of the geometry [6–8], metal foam [9], and
nanotechnology [10,11], using multiple PCMs [12], and using the combinations of different
methods [12]. LHTES systems naturally result in a compact thermal energy storage design
due to the high energy density of phase change.

Urban areas are one of the main power consumers by utilizing 45% of the total energy
usage responsible for huge greenhouse gas emissions [13]. Combining PCMs into energy
store units has been extensively studied in the literature [14–18]. The purpose was to shift
the required electric power or a portion of it from peak times (high-cost tariff) to off-peak
times (low-cost tariff). PCM phase changing delivers an active method to store energy
during the night and consume it during the day. In this technique, the relatively low
temperature at night is utilized to cool down the storage unit, and then, it could absorb the
building’s heat during the day. This decreases the condenser operating temperature and
consequently higher efficiency.

Mahdi et al. [19] investigated the thermal improvement methods utilizing static struc-
tures, nanomaterials, and the combination of both methods (hybrid technique). Generally,
it is found that the hybrid improvement procedures utilizing a heat transfer fluid pipe
with a fin or metal foam are the most effective methods. Although each method has its
challenges and difficulties in operation, there is no desirable technique, considering the
effects of conduction and free convection which must be accounted for in the design process.
Yamaha et al. [20] studied the effects of various PCM combinations packed in an air channel
as a thermal energy storage component for the air-cooling system of a typical building in
Nagoya (Japan). They found that a 5.4 kg PCM per square meter is sufficient to maintain a
room temperature for 3 h (13:00–15:00).

Zhao et al. [21] integrated a conventional air cooling system with a TES unit to improve
the efficiency of the system. The TES unit was made of a shell and a tube and filled with a
PCM. The system operated with water and air as heat transfer fluid (HTF) in both melting
and solidification loops, respectively. They stated that the coefficient of performance (COP)
increases by 25.6% compared with the conventional air conditioning unit.

Many TES units suffer from low heat transfer properties of PCMs and cannot ab-
sorb/release the heat on demand. Thus, a proper design of such systems is the key to reach
high efficiency. As a result, many researchers have focused on the influences of design pa-
rameters on TES units’ efficiency. Dolado et al. [22] studied the important design variables
of an LHTES unit. The results showed that the geometrical characteristics of the PCM layer
and the air channels, as well as the HTF flow rate, could control the unit performance.

Waqas and Kumer [23] investigated a solar unit integrated with a PCM layer to warm
a building room. The HTF flow rate, PCM mass, and fusion temperature are the essential
design parameters affecting the unit performance.

Diarce et al. [24] utilized numerical simulations and drove a correlation between the
solidification rate and a PCM layer’s thickness. This correlation was suitable for the calcu-
lation of the thickness of the PCM layer. Ren et al. [13] assessed the heat transfer efficiency
of TES photovoltaic collectors. The authors reported that the fusion temperature, PCM
type, and HTF flow rate are the major parameters manipulating the stored thermal energy.
Amin et al. [25] designed an optimized unit of TES through a parametric investigation. In
this work, an efficient indicator, integrating the thermal efficiency and the power storage
density, was adopted as a goal to optimize the PCM design. Saman et al. [26] investigated
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a combined TES-roof solar system and found that the HTF temperature and the flow rate
are the two main factors affecting the PCM’s thermal response of the system.

Developing an optimum technique requires a full study, which covers all cases with
different parameters. Therefore, this approach needs a lot of running processes, which
takes a long time to study numerical simulation and waste materials for the experimen-
tal study. Taguchi method is a technique used to specify the best and optimal cases for
running [13,27–32]. Wang et al. [27] combined the extension theory Taguchi method (ETM)
to reduce the required running cases and optimized thermal system elements such as full
cells, hydrogen tanks, and electrolyzers. They compared their optimum design with the lit-
erature works and found the ETM is the most accurate among other methods. Sun et al. [28]
utilized liquid fraction as an indicator and tested the energy charging cycles using the
Taguchi method. Liu et al. [29] studied the energy efficiency of a hybrid unit collection of a
PCMs-ventilated Trombe wall and a photovoltaic/heat panel combined with PCM using
the Taguchi method.

The current work presents a design optimization approach for TES units with multiple
HTF tubes. Unlike most existing investigations, the optimum design was settled consider-
ing the HTF tubes’ locations through the PCM domain to achieve the best location of the
tubes. Various simulations were designed using the Taguchi method; each design parame-
ter was divided into four levels. The ultimate objective is to increase the signal/noise (S/N)
ratio of the corresponding total stored latent heat and categorize the optimal integration of
geometric parameters to offer engineers procedural guidance. The proposed optimization
strategy offers a technique to optimally place multiple HTF tubes in TES systems.

2. Model and Governing Equations

Figure 1 illustrates the schematic of the proposed model of the LHTES. The actual
LHTES is made of many tubes and could be extended by repeating the pattern in the
horizontal direction. Due to the repetition of the inner tubes in the left and right sides of
the heat exchanger, the symmetrical boundary condition is applied for the left and right
boundaries, denoted by dash lines. The upper and lower walls of the heat exchanger
are insulated with no-slip boundary conditions. The temperature of the tubes’ wall is
considered constant equal to 50 ◦C, and the PCM is initially placed at the temperature of
15 ◦C. It should be noted that the model can be repeated and extended to the full scale
of a wide LHTES unit by employing the symmetry boundary conditions indicated by the
dashed lines in Figure 1.

As displayed, each tube’s diameter (D) is considered constant equal to 25.4 mm (1 inch)
with an outer diameter of 28.575 mm. The height of the shell is considered 11D, equal to
314,325 mm, and the width of each repeated section is considered equal to 3

√
3D/2 which

is equal to 74.24 mm. Three independent parameters (HL1, HL2, and HL3) are defined
variables in this study, which determines the tubes’ locations on the left-hand side of the
domain. These variables could be optimized to gain the highest melting rate, which is
discussed comprehensively in the results and discussion. The locations of the two tubes on
the right-hand side of the domain were determined based on the locations of the tubes on
the left-hand side of the domain, as illustrated in Figure 1. All the boundary conditions
and geometrical variables are included in Figure 1.

For the PCM, RT35 is employed with the mean melting temperature of 32.5 ◦C, suitable
for domestic low-temperature heating applications such as underfloor heating systems.
The properties of RT35 are listed in Table 1.
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Figure 1. The schematic of the proposed heat exchanger in this study.

Table 1. Thermo-physical properties of RT35 [33].

Property
ρ

(kg m−3)
Lf

(kJ kg−1)

Cp
(kJ kg−1 K)

k
(W m−1 K)

μ
(N s m−2)

TL
(◦C)

TS
(◦C)

β
(1 K−1)

Values 815 170 2.0 0.2 0.023 35 29 0.0006

According to the enthalpy-porosity method [34,35], the conservation equations of
continuity, momentum, and energy are given considering the following assumptions, i.e.,
laminar and Newtonian fluid flow for the molten PCM as well as neglecting the viscous
dissipation and volume expansion of the PCM during the phase change process. The varia-
tion of density is negligible except for the buoyancy force, which is modeled considering
the Boussinesq approximation. The gravity, which induces the natural convection flow, is
directed downward. Thus, considering the abovementioned assumptions, the governing
equations are obtained as following Equations (1)–(3):

∂ρ

∂t
+∇ · ρ

→
V = 0, (1)

ρ
∂
→
V

∂t
+ ρ

(→
V · ∇

)→
V = −∇P + μ

(
∇2

→
V
)
− ρre f β

(
T − Tre f

)→
g − Am

(1 − λ)2

λ3 + 0.001

→
V, (2)

ρCp∂T
∂t

+∇
(

ρCp
→
VT

)
= ∇(k∇T)−

[
∂ρλL f

∂t
+∇

(
ρ
→
VλL f

)]
. (3)
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The value 105 was considered for Am based on the literature and also validation
studies [36–38]. λ was introduced as Equation (4) [39]:

λ =
ΔH
L f

=

⎧⎪⎨
⎪⎩

0 i f T < TSolidus
1 i f T > TLiquidus

T−TSolidus
TLiquidus−TSolidus

i f TSolidus < T < TLiquidus

⎫⎪⎬
⎪⎭, (4)

where the total enthalpy is the sum of sensitive enthalpy (h) and latent heat (ΔH) is the
volumetric enthalpy (H), described as Equations (5) and (6):

H = h + ΔH, (5)

where

h = hre f +
∫ T

Tre f

CpdT, (6)

ΔH is calculated based on Equation (4) and the molten liquid fraction (LF) is the integration
of liquid fraction, λ, over the computational domain. Moreover, the liquid fraction (LF)
shows the total amount of the melted PCM divided by the total volume of the phase change
material, i.e., the normal total amount of the melted PCM.

3. Numerical Method, Mesh Study, and Validation

3.1. Numerical Method

In this study, ANSYS workbench software was employed to perform the simula-
tions and geometry generation and also study the effects of different parameters. In this
regard, the QUICK scheme was used for the diffusion fluxes and convection, and the
PRESTO scheme was used for the pressure equation. The convergence criteria are also
considered 10−4 for continuity and momentum equations, while 10−6 was chosen for the
energy equation.

3.2. Mesh and Time-Step Size Study

The size of the mesh and the time step of computations can affect the accuracy of
computations. Employing a very fine mesh size and small time-steps can increase the
computations’ accuracy, but they also increase the demanded computational resources and
time. Thus, the fair trade between the accuracy and computational cost can be performed
by a mesh study. Here, three mesh sizes were selected, and the computations were repeated
for each mesh size. For the mesh study, case 3 from the L16 table was selected for the
mesh independence analysis. The computations were executed with a fine time step size of
0.2. The details of mesh sizes and the number of grid points were as follows: mesh-case
1: 24,500; mesh-case 2: 49,000; mesh-case 3: 73,500. The melting rate over time is plotted
in Figure 2a. As can be seen, the results for mesh-cases 2 and 3 were very close. Thus,
mesh-case 2 was selected for computations.

The impact of the time-step size on the liquid fraction-melting rate (LF) was studied
in Figure 2b over mesh-case 2 for three time-steps of 0.1, 0.2, and 0.4 s. An increase in the
time-step enhanced the computational cost significantly, since the governing equations
should be solved and converged at each time-step. The results showed that the impact
of the time-step on the computed LF was small; however, at an identical time, the liquid
fraction varied using 0.4 s as the time-step size compared with that using time-step sizes
of 0.2 and 0.1, especially in the middle of the melting process. Thus, the time-step of 0.2 s
was selected for all computations of the present research. It should be noted that, after the
time-step size analysis, it was concluded that the use of 0.2 s for the time-step size in the
mesh independence analysis is correct.
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Figure 2. Influence of the mesh size and the time-step on the computed liquid fraction-melting rate
(LF) for mesh-case 3 of the L16 table: (a) mesh size; (b) time-step size for mesh-case 3.

3.3. Validation

To verify the simulations in the present study, the experimental and numerical studies
of Mat et al. [36] was employed, and the studied geometry was regenerated for the same
geometrical and operational parameters. Mat et al. [36] analyzed a double-tube heat
exchanger equipped with longitude fins for storing thermal energy. The TES unit in the
study of Mat et al. was filled with RT58 as a PCM, and its wall was kept at a uniform
temperature. It should be noted that a double-pipe heat exchanger is a simple form of
shell-and-tube heat exchangers with one tube inside the shell. Besides, the boundary
condition in the study of Mat et al. is a constant wall temperature, which is similar to what
is proposed in this study for melting the PCM. Thus, the study of Mat et al. is suitable to
verify the code in the present study. The verification results are shown in Figure 3 for both
liquid fraction and average temperature presented in this study and those experimental
and numerical data reported by Mat et al. [36]. As it can be seen, there is an excellent
agreement for further analysis. It should be noted that, in the study of Mat et al., RT58
was employed as a PCM while RT35 was employed for further analysis in this study, since
its melting point is suitable for domestic low-temperature heating applications such as
underfloor heating systems working as a more efficient system than conventional radiators.

Figure 3. Comparison of the present study with the experimental data of Mat et al. [36].

4. Results and Discussion

The Taguchi method was utilized to find the best design of an LHTES unit in the
presence of natural convection effects. The buoyancy forces in the molten PCM induced a
free convection circulation flow during the charging process. The free convection improved
the charging rate by the increase of heat transfer. The free convection heat transfer typically
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induces a nonuniform melting in an LHTES unit, since the heated liquid tends to move
upward and always the top regions of an enclosure are subject to warm currents. Thus,
the proper design of energy storage units to fully benefit from natural convection heat
transfer is a critical task. Here, the placement height of HTF tubes was adopted as a
design parameter. As depicted in schematic Figure 1, there are three geometrical design
variables, which are HL0/D, HL1/D, and HL2/D. Following the Taguchi method, each
design parameter should be divided into a few possible levels. Here, four levels were
considered for each design parameter, of which the details are summarized in Table 2.

Table 2. The ranges and levels of the control parameters.

Factors Description Level 1 Level 2 Level 3 Level 4

A
HL0/D

(height of the first tube) 1.2 1.8 2.4 3.0

B
HL1/D

(height of the second tube) 1.2 1.8 2.4 3.0

C
HL2/D

(height of the fourth tube) 1.2 1.8 2.4 3.0

The design structure shown in Table 2 was used to construct an orthogonal table and
explore the design space. Here, the standard L16 table for three design parameters and four
levels was selected. It should be noted that the whole design space could be 43 designs. The
Taguchi method aims to find the best design with a minimum computational cost. Thus,
instead of 43 simulations, here, only 16 simulations were needed to be executed using the
Taguchi method. The computations of PCM melting with convection heat transfer effects
were computationally costly. Thus, any reduction in the number of the required simulation
is a huge help.

The details of the L16 trial cases are summarized in Table 3. Each row of Table 3 shows
an LHTES with a specific placement of the HTF tubes. The target goal for optimization
was selected at 75% of the charging process. Thus, a design that could reach a 75% melting
volume faster (in a shorter time) is better. Thus, “the smaller, the better approach” was
adopted for the Taguchi method.

Table 3. Taguchi L16 orthogonal table for three geometrical design parameters and four levels.

Experiment
Number

Design Parameters Time (s) for
LF = 0.75

Signal-to-Noise
(S/N) RatioHL0/D HL1/D HL2/D

1 1.2 1.2 1.2 13,633 −82.6918
2 1.2 1.8 1.8 13,613 −82.6791
3 1.2 2.4 2.4 9025 −79.1089
4 1.2 3.0 3.0 8205 −78.2816
5 1.8 1.2 1.8 11,977 −81.5670
6 1.8 1.8 1.2 13,850 −82.8290
7 1.8 2.4 3.0 9161 −79.2389
8 1.8 3.0 2.4 9206 −79.2814
9 2.4 1.2 2.4 14,742 −83.3711
10 2.4 1.8 3.0 9374 −79.4385
11 2.4 2.4 1.2 11,096 −80.9033
12 2.4 3.0 1.8 10,332 −80.2837
13 3.0 1.2 3.0 12,603 −82.0095
14 3.0 1.8 2.4 10,710 −80.5958
15 3.0 2.4 1.8 12,379 −81.8537
16 3.0 3.0 1.2 10,104 −80.0899
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Each design of Table 3 was simulated, and the required time for 75% melting (LF = 0.75)
was computed. These data were reported in Table 3. Then, the Taguchi approach was
applied to evaluate the value of each design in terms of a characteristic parameter of the
S/N ratio.

The relationship for the smaller-is-better S/N ratio was written using log base [40]:

S/N = −10 × log10

(
∑
(
Sa2)
n

)
, (7)

where Sa denotes the melting time for each test case, and n is the number of observations,
which is one in the current research. A design with a large S/N ratio could lead to a shorter
charging time. The computed S/N ratios are reported in Table 3. Moreover, the S/N ratios
were used to construct Taguchi relations and the ranking table.

Table 4 shows the impact of each design parameter on the charging time of the LHTES
unit. Table 4 indicates that the middle right tube (HL1/D) was the most important design
parameter and adopted the first rank of significance. After that, the top tube and the bottom
tube were the important design parameters.

Table 4. The rank values of the control parameters based on the S/N ratio.

Level HL0/D HL1/D HL2/D

1 −80.69 −82.41 −81.63
2 −80.73 −81.39 −81.60
3 −81.00 −80.28 −80.59
4 −81.14 −79.48 −79.74

Delta 0.45 2.93 1.89
Rank 3 1 2

The results of Table 4 for each parameter and level were collected and shown in
Figure 4. Based on the Taguchi method, a design level with a maximum S/N ratio should
be selected as the optimum design level for the parameters. Thus, considering Figure 4,
the optimum design corresponded to HL0/D = 1.2, HL1/D = 3.0, and HL2/D = 3.0. The
optimum design is depicted in Table 5.

 
Figure 4. S/N ratios at the levels of the optimum case were as following: HL0/D = 1, HL1/D = 4, and
HL2/D = 4.
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Table 5. The best design for the minimum thermal charging time based on the Taguchi method.

Optimum Factors Charging Time of LF = 0.75

HL0/D HL1/D HL2/D Taguchi Prediction Tested Case

1.2 3.0 3.0 7915 8205

The Taguchi method estimated a thermal charging time of 7915 s. The actual simula-
tions showed a charging time of 8205 s, which was quite close to the estimated value. In
general, the optimum case could be a design available in the L16 table or a design out of
this table from 43 possible designs. Here, interestingly, the proposed design case was case
4 in the L16 table.

A comparison between the charging times for the optimum case (8205 s) and the worst
case of the L16 table (14,472 s) showed that charging time can be changed by 76%. Thus, a
simple optimization of the placement of tubes in an LHTES unit could notably improve
its performance.

Figure 5 illustrates the melting rate (charging) of the LHTES unit during the time. As
can be seen, the optimum case quickly reaches high LF rates. Interestingly, the behavior
of all cases at the beginning of the charging process is almost identical. The reason is that
initially, the temperature of the LHTES unit is below the solidus temperature, and thus,
the PCM is in the solid phase. Thus, the heat transfer mechanism is solely conduction
dominant. The PCM around the tubes act as a large domain. Since the thermal conductivity
of PCMs is low, in all design cases, the distance between the tubes is sufficiently large,
and they cannot influence each other. After the melting process starts and the melting
area extends away from the tubes, the natural convection flows appear. In a convection-
dominant flow, the tubes’ locations can significantly control the convection flow and the
heat transfer.

Figure 5. The melting behaviors of the LHTES unit during the time for five selected cases.

A systematic investigation of melting phase change heat transfer can be performed
by analyzing streamlines and temperature distribution contours. Figures 6–12 show the
streamlines and isotherms for the optimum case (Case 4) and Cases 5, 7, 12, and 13. The
results are reported every hour of charging time. The blue region in streamline figures
denotes the solid PCM, and the light orange shows the liquid PCM. The thick line between
these two regions is the melting interface line.

Figure 6 shows the streamlines just one hour after the commencement of thermal
charging, and Figure 7 depicts the corresponding isotherms.
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Figure 6. The streamlines and phase change interfaces for five different tubes’ arrangement after one
hour of charging. Case 4 is the optimum case with the highest melting rate.

Figure 7. The isotherms for five different arrangements of the tubes after one hour of charging.

As time passes, the heat from HTF tubes accumulates in the solid PCM in the form of
sensible heat, and the temperature of PCM increases around the tubes. As can be seen, the
melting process starts around the hot tubes, advances to the space between the tubes and
inclines toward the top regions. At this stage, it is clear that each tube develops a melting
region around it. When the tubes are close to each other, the local melting regions reach
each other and merge. Figure 7 displays hot regions around the tubes and cold regions far
away from the tubes. The top regions of molten sites are also warmer due to the nature of
buoyancy flows.

The melting process after two hours of charging time can be followed in Figures 8 and 9.
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Figure 8. The streamlines and phase change interfaces for five different tubes’ arrangement after two
hours of charging.

 
Figure 9. The isotherms for five different arrangements of the tubes after two hours of charging.

The local regions around the HTF tubes merges, and there is a wide molten zone
in the center of the enclosure. Still, the top and bottom zones are in a solid-state. As
can be seen, the solid region at the bottom is mostly under the influence of the first row
of tubes (HL0/D). This is while the location of other tubes does not show a significant
impact on the bottom. In contrast, the second and third tube rows mostly impact the top
melting interface. Shifting the tubes toward the top also shifts the melting interface upward.
Figure 9 depicts that in all cases except the optimum case, the enclosure’s central region
is at a high temperature. This is while for the optimum Case 4, only the top region is at a
high temperature. This means that the melting rate is strong for the optimum case, and
most of the HTF tubes’ heat is being consumed by the latent heat.

Figures 10 and 11 show the same trend as Figures 8 and 9.
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Figure 10. The streamlines and phase change interfaces for five different tubes’ arrangement after
three hours of charging.

 
Figure 11. The isotherms for five different tubes’ arrangement after three hours of charging.

The difference is that the molten region was further extended. At this stage, the solid
regions were shrunk toward the bottom and the top. There is a notable difference between
the optimum case and the other cases at this stage. Placing the first row of the HTF tubes
at the bottom of the shell helps the shrinking of the solid region in the bottom part of the
enclosure. The third row, placed at the highest location, melted most of the top regions.
Figure 11 shows that the center regions of all other cases is still very hot while the top
region of case 4 is hot. The hot temperature at the top contributes to the melting rate, while
a lower temperature at central regions around the HFT tubes improves the heat transfer
from the tubes due to large temperature differences.

Figures 12 and 13 show the final stage of melting in the enclosure.
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Figure 12. The streamlines and phase change interfaces for five different tubes’ arrangement after
four hours of charging.

 
Figure 13. The isotherms for five different tubes’ arrangement after four hours of charging.

In the optimum case 4, the top region completely melted down, and there is a negligible
amount of the solid PCM at the bottom-right corner. Since there was no significant amount
of the solid PCM to absorb the HTF heat in the form of latent heat, the temperature of the
molten PCM is reaching the HFT temperature in most parts of the enclosure. The other
cases mostly melted the PCM at the top region except case 5, in which the tubes were
concentrated at the bottom. The attention to streamlines for this design shows that there are
two separate circulation flows in the enclosure. Since the circulation flows are separated,
the HTF heat cannot directly reach the top region and slow down the melting of the top
zones. The amount of the solid PCM at the bottom is lower than in other cases (cases 7, 12,
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and 13), since the circulation flow at the bottom is injecting the heat into this region. The
analysis on the final stage of melting for all cases showed that the placement of the first row
toward the bottom was the most significant approach to melting down the bottom region.
Moreover, the even distributions of the second and third rows in the enclosure helped with
a general smooth circulation-free convection flow and the rapid melting of the top regions.

5. Conclusions

The melting thermal energy storage of an LHTES unit was addressed theoretically.
The LHTES unit was modeled as a symmetric system consisting of five HTF tubes. The
geometrical design of tube placement was optimized by employing the Taguchi method.
The phase change behavior of the system was systematically investigated using LF graphs,
streamlines, and isotherm contours. The main findings of the research can be summarized
as follows:

• Based on the Taguchi design, the first row of the HTF tubes should be placed at
the lowest possible point while the other tubes should be distributed evenly in the
enclosure.

• The charging time of the LHTES unit could be changed by about 76% by just changing
the location of tubes in the enclosure.

• From the streamlines and melting interfaces, it can be concluded that the formation of
streamlines and free-convection flow circulation in each step of the melting process are
the key points in the design of LHTES. Special attention should be paid to the stream-
line at the final stages of the charging process. A general uniform large circulation
flow in the enclosure was much better than several small and week circulation flows.

• The Taguchi method could be used to effectively propose the optimum design of an
LHTES unit with few simulations. Thus, this approach seems useful in the future
design of energy storage systems.
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Nomenclature

Am (kg m−3 s−1) mushy zone constant tm (s) melting/solidification
time

Cp (J kg−1 K−1) specific heat T (K) temperature

g (ms−2) gravity Te (K)
mean temperature
after the phase
change process

k (W m−1 K−1) thermal conductivity Ti (K) initial temperature
Lf (J kg−1) latent heat of fusion

LF the normal total amount of
melted phase change mateial
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m (kg) mass Greek symbols

P (Pa) pressure β (K−1)
expansion
coefficient

Q (J) thermal storage/recovery
capacity λ local liquid fraction

.
Q (W)

thermal storage/recovery
rate μ (kg m−1 s−1) dynamic Viscosity

TL (K) liquidus temperature ρ (kg m−3) density
Ts (K) solidus temperature ΔH (J kg−1) latent heat of fusion
→
V (m s−1) velocity
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Abstract: One of the challenges in construction is the improvement of energy efficiency of buildings.
Development of construction materials of low thermal conductivity is a straightforward way to
improve heat isolating capability of an enclosure. Lime mortar has a number of advantageous
and peculiar properties and was widely used until the “irruption” of Portland cement. Currently,
lime mortar is still used in restoration of traditional buildings or, according to the urban regulations,
in catalogued constructions. The goal of the present study is the improvement of the heat isolating
capability of lime mortars. The strategy of this work is the addition of iron (III) oxide powder,
which is one of the possible components forming the cements, to a base lime mortar. The reason to
choose Fe2O3 was two-fold. The first reason is low thermal conductivity of Fe2O3 compared to lime
mortar. The second reason is that the low solubility and small size of iron (III) oxide particles have an
effect on the thermal conductivity across the lime particles. The effect of iron (III) oxide powder on
the thermal conductivity has been experimentally determined by the hot-box method. It has been
found that the insulating capacity and thermal inertia of lime mortar is improved significantly by the
addition of Fe2O3 powder, increasing the energy saving of the enclosure.

Keywords: energy saving with materials; energy storage; thermal conductivity; thermal diffusivity;
lime mortar; iron (III) oxide

1. Introduction

In recent years, the increased use of energy from fossil fuels has provoked dramatic
climate changes. The greenhouse effect, acid rains, and other phenomena are examples
of the consequences of an excessive consumption of this kind of energy. According to the
United Nation Environment Program, the energy consumption of buildings represents
nearly 40% of the world global energy [1], and around two-thirds of the energy demand
in the residential sector is attributed to heating and cooling [2]. The field of construction
can assist to mitigate these effects on global warming by improving the performance
of construction materials, e.g., increasing heat insulating capability. During recent years,
in order to reduce the consumption of energy, great efforts have been devoted in developing
low thermal conductivity construction materials and improving the efficiency of materials
currently in use [1,3].

One of the potentially favorable materials is the lime mortar. The hardening process
of lime is caused by a carbonation reaction [4]. This process requires a long time, espe-
cially when compared to Portland cement. However, the use of lime has some advantages,
such as strain accommodation (plastic behavior), lower thermal conductivity, or higher
breathability, which makes the houses more comfortable [5].

Historically, lime mortar has been widely used around the Mediterranean seaside,
mainly as mortar of plaster in vertical walls. The improvement of thermal insulation
capacity is especially important for its use as an outer layer of the building enclosure,
separating the indoor environment from the outside. From a geological point of view,
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lime mortar was one of the few binders of high resistance that could be obtained in great
abundance in the Mediterranean region. The aim of the present work is to reduce the
thermal conductivity or, in other words, to enhance the heat insulating capability of the
lime mortar. A common practice to achieve this goal is the addition of filling particles
of organic/vegetal origin, such as cork [6], hemp [7,8], olive stone [9], textile waste [10],
straw [11], coconut [12], etc. The strategy of the present study is the addition of ceramic
submicron particles, whose use and chemical composition is fully compatible with an
ecological concept from the point-of-view of generating future, harmless waste for soil
and subsoil.

The reasons behind the study of the lime mortar instead of Portland mortar are as
follows: (i) better ecological sustainability of lime mortar, since its production requires
lower temperatures and less energy [13,14], (ii) lime has a lower thermal conductivity than
Portland mortar [15], being a more efficient thermal insulator at the starting point of the
study, and (iii) higher indoor comfort provided by lime, since it has a higher breathability [5]
and is biocide [16].

The hydraulicity index (HI) that allows one to identify the main chemical components
forming the lime cement [17–19] is given by:

HI =
[SiO2] + [Al2O3] + [Fe2O3]

[CaO] + [MgO]
(1)

where the terms in square brackets are the percentages of the five oxides composing the
lime. Taking into account that lime cements are composed mostly of calcium or magne-
sium oxides, there are three candidates that could be selected as an additive to improve
the heat insulating capability: SiO2, Al2O3, and Fe2O3. A comparison of the proper-
ties of these candidates shows that iron (III) oxide has the lowest thermal conductivity
(λFe2O3 = 0.58 W/(m·K), λSiO2 = 1.1 W/(m·K), λAl2O3 = 25 W/(m·K)), which is also lower
than that of the limestone (λlimestone = 1.3 W/(m·K)) [20,21]. Moreover, iron (III) oxide is an
inexpensive mineral and is the seventh most abundant compound in the Earth’s crust [22],
which are important factors for a mineral to be used as a construction material.

From the point-of-view of environmental sustainability, iron (III) oxide (hematite)
is a component present in farmlands, which is beneficial for plant species. For this rea-
son, the rubbles generated after the stage in the service of buildings would not have
a detrimental effect on the environment [23]. Keeping in mind these favorable proper-
ties, Fe2O3 powder has been selected as an additive to improve the thermal efficiency of
lime mortar.

The influence of red and black iron oxides addition on the mechanical and physio-
chemical properties of a concrete was studied by Kishar et al. [24]. A notable positive
effect of both red and black iron oxide particles on slump and compressive strength (up to
22–30%) was reported. Recently, Largeau et al. [25] investigated the effect of Fe2O3 on
the strength and workability of a Portland cement concrete. They found that fine Fe2O3
particles, ca. 200 nm, reduced the porosity and improved compressive strength of concrete
for concentrations up to 2.5 wt.%. The present authors are not aware of further research on
the effect of iron oxide particles on the thermal properties of lime or Portland mortars.

In this work, the effect of adding small particles of iron (III) oxide on lime mortar
has been investigated with the aim of improving the thermal properties of the base lime
mortar. It has been found that the insulating capacity and thermal inertia of lime mortar
is improved significantly by adding Fe2O3 powder, increasing the energy saving of the
enclosure [26].

2. Materials and Methods

2.1. Components

Natural hydraulic lime NHL-3.5 Morcem Cal Base 434 CR CSII W0 (Grupo Puma,
Malaga, Spain) was selected to use as a base product of the lime mortar. Red iron (III) oxide
(Labkem, Barcelona, Spain) of chemical purity higher than 95% was used as the additive.
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2.2. Components’ Dimensional Characterization

Dimensional characterization of the two components has been carried out using two
different techniques. Scanning electronic microscopy (SEM) images, obtained using a
Hitachi S-3400N (manufactured by Hitachi Science Systems Ltd., Tokyo, Japan), allowed us
to determine characteristic values of particle sizes as well as to visualize the distribution of
particles of both Fe2O3 and lime.

Precise values of grain size and specific surface, measured respectively by means of
Beckman Coulter and a Malvern Mastersizer Micro Plus (Malvern Panalytical, Malvern,
UK), are shown in Table 1. The range of grain sizes refers to an interval including more
than 80% of particle sizes.

Table 1. Grain size and specific surface of lime mortar and iron (III) oxide powders.

Material Grain Size Range (μm) Specific Surface (cm2/g)

Lime 10–2000 5.7 × 103

Fe2O3 0.2–0.5 9.4 × 104

2.3. Mortar Preparation and Curing

In order to analyze the effect of Fe2O3 particles on the thermal properties of a lime
mortar, five samples with different iron (III) oxide content were prepared. The quantity of
water added to the dry mixture was higher as the iron (III) oxide content increases in order
to obtain a cement lime mortar of equal workability and elastic consistency, according to
the ISO 12439 standard [27]. Table 2 shows the mass and mass fraction of iron (III) oxide
powder substituting the lime mortar. The letters LF in the sample notation refer to the
mortar components: lime as L and Fe2O3 as F, while the number (LF-0, LF-5, . . . , LF-20)
denotes the iron (III) oxide mass fraction of each mortar.

Table 2. Samples and compositions.

Sample
Component Mass (g)

Fe2O3 Mass Fraction in Mortar (%)
Lime Mortar Fe2O3 H2O

LF-0 1900 0 400 0
LF-5 1805 95 412 5

LF-10 1710 190 436 10
LF-15 1615 285 500 15
LF-20 1520 380 545 20

Cylindrical samples 12 cm in height and 10 cm in diameter (Figure 1) were produced
using a plastic mold. Curing time was 60 days. The mass of water needed to obtain the
optimal mixing increases with iron (III) oxide content since the addition of Fe2O3 small-size
particles increases the specific area, demanding an increasing addition of water to surround
the surface of the particles.

 
Figure 1. Image of some of the cylindrical samples: LF-0, LF-5, LF-10, and LF-20 (from left to right).
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2.4. Experimental Method
2.4.1. Apparent Density

Apparent density of the studied mortars was calculated from their weight and dimen-
sions of the cylindrical samples [9].

2.4.2. Specific Heat Capacity

Specific heat capacity of mortars was measured using a TA Instruments DSC2920
(manufactured by TA Instruments, New Castle, DE, USA) calorimeter in the modulation
mode (MDSC), calibrated with a sapphire sample (error lower than 1%). Measurements
were performed at 25 ◦C using mortar samples weighing around 1.0 mg. Due to their low
weight, four different samples were taken from each mortar and tested by MDSC in order
to balance out the composition heterogeneity of the mortar.

2.4.3. Thermal Conductivity of Mortars

Thermal conductivity was determined by means of a calibrated hot-box method [28]
in a home-made device, shown schematically in Figure 2. The case of the device was
fabricated from expanded polystyrene (EPS). The hot plate was placed at the bottom of
the case and supported the sample. In the steady state conditions, the hot plate maintains
a controlled fixed temperature of the hot side of the sample, equal to 61.2 ◦C. The heat
flux on the cold side of the sample is measured using a HFP01 flux sensor (Hukseflux,
Delft, The Netherlands). The temperature is measured on both cold and hot sides of
samples by means of thermo-couples. The three parameters obtained in this experiment are
temperatures on both hot and cold sides, and the heat flux. The electromagnetic protection
serves to distribute homogeneously, over the sample section, with the heat generated by
the hot plate. Thermal loss sensors permit controlling the isolating efficiency of the box for
an optimal measurement of the heat flow through the sample.

Figure 2. Home-made hot-box design (see text for details).

3. Results and Discussion

3.1. Density and Porosity

The analysis of density and porosity of the sample set provides information crucial
for understanding the behavior of thermal conductivity. Theoretical bulk densities were
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calculated from the bulk density of calcite (2.71 g/cm3), which is the main component
in lime mortar, and iron (III) oxide (5.26 g/cm3) considering their volume fractions for
each sample [29]. Porosity was calculated using the theoretical bulk density and apparent
density, as 1-(dapparent/dtheor).

Apparent density and porosity versus iron (III) oxide content from Table 3 are shown
in Figure 3. Both parameters show a linear dependence with the iron (III) oxide content.
The pores in mortars are created during the process of curing due to evaporation of water.
With the increase of the content of Fe2O3 submicron particles, the amount of water needed
to prepare the mixture increases (see Table 2). Thus, the degree of the porosity generated
by releasing water becomes higher.

Table 3. Bulk and apparent densities and porosity of the samples with different iron (III) oxide con-
tent.

Sample
Fe2O3 Content

(mass %)
Theoretical Bulk
Density (g/cm3)

Apparent
Density (g/cm3)

Porosity
(%)

LF-0 0 2.71 ± 0.02 1.65 ± 0.03 39.2 ± 0.9
LF-5 5 2.84 ± 0.02 1.67 ± 0.03 41.2 ± 0.9

LF-10 10 2.97 ± 0.02 1.69 ± 0.03 43.1 ± 1.0
LF-15 15 3.09 ± 0.02 1.70 ± 0.03 44.9 ± 1.0
LF-20 20 3.22 ± 0.02 1.71 ± 0.03 46.8 ± 1.1

Figure 3. Apparent density and porosity versus Fe2O3 content of the studied samples.

Thus, the addition of Fe2O3 results in a moderate increase of density (by ca. 4% for
LF-20 compared with the base mortar LF-0) and a more substantial increase of porosity
(relative increment around 19% for LF-20). The increase of porosity is known to sig-
nificantly affect thermal conductivity of the material [30–32], which is analyzed in the
following section.

3.2. Thermal Conductivity

The kinetics of the heat flux for samples with different Fe2O3 content is shown in
Figure 4. The temperature of the hot plate was set to 61.2 ◦C at t = 0 and the heating was
switched off at t = 23 h. Room temperature was around 15 ◦C during all tests. According to
this experimental protocol, three clearly defined stages are observed in the heat flux
kinetics. In the first stage, during the first 8 h, samples heat up from room temperature
to an equilibrium value, thus, reaching the steady state regime. During the second stage,
between 8 and 23 h, the system is in stationary conditions. After switching off heating of
the hot plate at t = 23 h, the samples are cooled down to room temperature.
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Figure 4. Cold side and hot side temperatures (a) and heat flux (b) vs. time for samples of lime
mortar with a different content of iron (III) oxide.

Figure 4a shows that, in the steady state regime, the temperature difference between
the hot and cold sides increases progressively with iron (III) oxide content. Small fluctua-
tions of cold side temperatures observed in this regime could be due to the minor variations
of the room temperature during the test. The cold side temperatures of each sample used
for the later calculations is an average of measured temperatures in the steady state regime
between 8 and 23 h of the test.

More specifically, the values of temperatures at the cold side for the two extreme
compositions, LF-0 and LF-20, were 30.5 ◦C and 23.7 ◦C, respectively. Taking into account
that room temperature during the test was 15 ± 1 ◦C, these data mean that the increase of
temperature for LF-0 and LF-20 are 15.5 ◦C and 8.7 ◦C, respectively. Thus, the temperature
increase for LF-0 is twice that for LF-20. If the length of all samples was kept similar
(less than 2.5% difference), the measured temperatures on the cold side give a first intuitive
idea of the different efficiency of thermal isolation of the two materials.
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The numerical values of thermal conductivity were calculated using the heat flux
through each mortar given by the heat flux-time diagram (Figure 4b), which shows the
same tendency as cold side temperature-time dependence. In fact, there exists a direct
relation between both parameters, since the heat flux arriving at the cold side of the sample
contributes to heating up the material on the cold side. Parameters associated with thermal
conductivity are summarized in Table 4. The values of heat flux appearing in Table 4 were
determined as an average of results between 8 and 23 h. Experimental thermal conductivity
values were obtained from the hot-box measurements at a steady state regime (Table 4).
Transmittance, U, was calculated from the measured heat flux, Φ, and the temperature
difference between hot and cold sides, ΔT, using the equation obtained from the Fourier’s
law of heat conduction [33].

U =
Φ

ΔT
(2)

Table 4. Experimental thermal conductivity and energy saving of the samples of lime mortar with different iron (III)
oxide content.

Sample TH (◦C) TC (◦C) ΔT (K) Φ (W/m2) U (W/m2·K) L (m) λexp (W/m·K) E.S. (%)

LF-0 61.2 30.5 30.7 166.2 5.42 0.123 0.67 ± 0.01 0.0
LF-5 61.2 26.4 34.8 165.6 4.76 0.120 0.57 ± 0.01 14.3 ± 0.4
LF-10 61.2 26.0 35.2 160.5 4.56 0.121 0.55 ± 0.01 17.2 ± 0.5
LF-15 61.2 24.7 36.5 134.0 3.67 0.122 0.45 ± 0.01 32.8 ± 1.0
LF-20 61.2 23.7 37.5 124.4 3.32 0.120 0.40 ± 0.01 40.1 ± 1.2

TH: hot side temperature. TC: cold side temperature. ΔT: difference between hot and cold sides. Φ: heat flux. U: transmittance. L: sample
length. λexp: experimental thermal conductivity. E.S.: energy saving.

The experimental thermal conductivity, λexp, also shown in Table 4, was calculated
from transmittance, U, and sample length, L, using the well-known relationship [33].

λ = U·L (3)

The meaning of energy saving, E.S., is the percentage of reduction of heat losses
through a wall of a fixed thickness and area, separating two spaces with a certain tempera-
ture difference, made of a mortar containing iron (III) oxide compared to the base mortar.

Another meaning of the E.S. is the percentage of power saved by a heating (or cooling)
device to keep a certain temperature difference between two spaces separated by a wall
of a fixed thickness and area made of a mortar with Fe2O3 addition compared to the base
mortar. Correspondingly, in this work, the E.S. was calculated as the percentage of thermal
conductivity reduction taking the value for the LF-0 mortar as a reference.

Experimental values of thermal conductivities of different mortars taken from Ta-
ble 4 are compared in Figure 5. The data show a progressive essentially linear drop of
experimental values of thermal conductivity with the increase of Fe2O3 content.

Two reasons account for the significant thermal conductivity decrease with adding Fe2O3
powder to the limestone. First, the thermal conductivity of the additive (λFe2O3 = 0.58 W/(m·K)) [21]
is half that of the base material (λlimestone = 1.2 W/(m·K)) [21]. Second, the porosity of
mortar increases with the addition of iron (III) oxide, taking the values from 39.2% in LF-0
to 46.8% in LF-20. An equation, which correlates well with the thermal conductivity of the
ceramic bodies with the porosity, was proposed by Aivazov and Domashnev [34].

λ

λ0
= 1 − P + n·P2 (4)

where λ and λ0 are the thermal conductivities of a porous and pore-free ceramic bodies,
respectively, P is the volume fraction of the pores, and n is a constant. According to
Equation (3), which can only be used for a constant bulk material, the thermal conductivity
drops with the increasing porosity in the mortar as the iron (III) oxide content raises
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fulfilling a parabolic function. Therefore, as far as the studied mortar is a combination of
two different solids, the thermal conductivity of the bulk material, λ0, diminishes in each
mortar as the Fe2O3 content rises.

 

Figure 5. Thermal conductivity dependence with iron (III) oxide content of the lime mortar.

At the microstructural level, two other reasons for a notable decrease of thermal
conductivity with Fe2O3 additions can be suggested. First, the solubility product constant
of the lime cement (Ca(OH)2: Ksp = 4.68 × 10−6) [29] is several orders of magnitude higher
than those of iron (III) oxide in both the hydrated or ionic forms in alkali media [35],
which are between 4.87 × 10−17 and 2.64 × 10−39 [29]. Due to extremely low solubility of
Fe forms in aqueous media, the number of Fe3+ complex ions available to be transported to
the neck between particles is very low. In this way, the area of the neck formed between
iron (III) oxide particles is small compared to the necks between lime particles. Taking into
account that the heat transfer through lime or the Fe2O3 solid phase is more efficient than
through air pores (considering their thermal conductivities [20,21,34]), the reduction of
the contact area between solid particles forces the thermal conductivity of the mortar to
decrease. Second, scanning electron microscopy (SEM) images of LF-5 and LF-20 (Figure 6)
shows that relatively small iron (III) oxide particles stick on the lime particles’ surfaces.
This spatial distribution forces lime particles to keep better separated than in the absence
of Fe2O3 fine powder, thus, reducing the contact area between better heat conducting lime
particles. A comparison of microstructures of LF-5 and LF-20 mortars in Figure 6 indicates
that, with the increase of iron (III) oxide content, lime grains are better separated by small
Fe2O3 particles that stick onto their surfaces.

The overall decrease of the thermal conductivity by the addition of Fe2O3 powder is
due to the combination of the previously mentioned factors: porosity, thermal conductivity
of each mortar component, and microstructure.

Apart from the parameters discussed, absorbed water could modify thermal conduc-
tivity in porous ceramics [36]. In order to estimate this contribution, the free water content
of samples was tested by thermogravimetry. Mass losses due to free water desorption from
base lime mortar, LF-0, and the mortar with 20% of Fe2O3 powder, LF-20, were measured
during heating from 20 ◦C up to 200 ◦C following standard protocols [37]. In both samples,
the losses of water at 120 ◦C are very similar at around 1.5% (weight). As a consequence,
the contribution of free water absorbed by the studied samples is not expected to have a
significant effect on the variation of thermal conductivity.
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Figure 6. SEM images of the microstructure of mortars with 5% and 20% of Fe2O3 particles (LF-5 and LF-20, respectively),
showing spatial distribution of lime and iron (III) oxide particles.

3.3. Thermal Diffusivity

Qualitative property of “thermal inertia” was defined by Ng et al. [38] as the ‘property
of a material that expresses the degree of slowness with which its temperature reaches that
of the environment.’ However, the definition that likely best expresses the effects it causes
in an enclosure is the ‘capacity of a material to store heat and to delay its transmission’ due
to Ferrari [39]. Then, to keep a constant temperature inside the building when the external
temperature changes, the wall’s material should have a thermal inertia as high as possible.
One of the parameters characterizing thermal inertia is the thermal diffusivity, a, which can
be calculated from thermal conductivity, λ, specific heat capacity, Ce, and density, d, [40].

a =
λ

d·Ce
(5)

The thermal inertia of the material grows if the thermal diffusivity expressed by
Equation (4) decreases.

Specific heat capacity was measured using modulated differential scanning calorimeter
(MDSC). Applying a sinusoidal heating rate around a linear temperature permits the
measurement of the sample’s heat capacity [41]. The total heat flow, dH/dt, is equivalent to
standard differential scanning calorimeter (DSC) at the same average heating rate, and can
be calculated using the following equation [41].

dH
dt

= Ce
dT
dt

+ f(T, t) (6)

where Ce is the specific heat capacity, dT/dt is the measured heating rate, Ce(dT/dt) is the
reversing heat flow component of the total heat flow, and f(T,t) is the kinetic component.

Figure 7 shows representative curves of the specific heat capacity, Ce, evolution with
time for each mortar, measured around a linear temperature of 273 K. The values of specific
heat capacity for each measurement have been calculated as the average of values between
600 and 900 s, when the Ce values of the MDSC measurement is already in a steady
state regime.

125



Materials 2021, 14, 998

Figure 7. Representative curves of specific heat capacity Ce vs. time measured by MDSC for each
mortar composition.

Table 5 shows the values of specific heat capacity for the measurements made on four
different samples of each mortar as well as the average values with standard deviations.
Figure 7 and Table 5 indicate clearly that the specific heat capacity of the mortar decreases
with Fe2O3 content. The decrement of specific heat capacity for the LF-20 mortar compared
to the base lime mortar LF-0 is 7.6%.

Table 5. Specific heat capacity values, Ce, calculated from MDSC measurements.

Sample
Specific Heat Capacity, Ce (J/(kg·K))

Decrement 1 (%)
Test 1 Test 2 Test 3 Test 4 Average Standard Dev. Rule of Mixture

LF-0 922 934 926 939 931 8 931 ± 3 0.0
LF-5 933 920 929 925 927 6 913 ± 3 0.43 ± 0.01
LF-10 898 912 900 917 907 9 895 ± 3 2.58 ± 0.03
LF-15 887 896 883 902 892 9 877 ± 3 4.19 ± 0.05
LF-20 866 852 875 847 860 13 859 ± 3 7.63 ± 0.13

1 Decrement calculated using LF-0 as a reference.

The reason why the specific heat capacity decreases with the addition of Fe2O3 powder,
is that the specific heat capacity of the additive (Fe2O3: Ce = 570 J/(kg·K)) [20] is much
lower than that of the base material (lime mortar: Ce = 931 J/(kg·K)). It is worth to note
that the specific heat capacity of a mixture of solid materials can be calculated using the
rule of mixture as the sum of the mass fraction of each component by its specific heat
capacity [42]. The corresponding values, shown in Table 5, are in good agreement with
experimental data.

Thermal insulation additives for mortars used in building, as cork [6], expanded
clay [43] or expanded polystyrene [44], and have a very low density due to their high
content of air (high porosity), which makes it difficult to transfer heat through the material.
As a consequence of very low density, those insulation materials have an extremely low
heat storage capacity per unit volume, which leads to a high thermal diffusivity, or, in other
words, a very poor thermal inertia. Contrary to that, the additive used in the current work
is heavier than the base mortar. Therefore, the density of the mortar slightly increases
by the addition of Fe2O3. The effects of increasing density and decrease of specific heat
capacity on thermal diffusivity are opposite (Equation (4)) and nearly compensate each
other, as is shown in Table 6. Hence, the decrease of the thermal diffusivity observed is
largely due to the variation of the heat conductivity.
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Table 6. Thermal diffusivity of the samples of lime mortar with different iron (III) oxide content calculated using Equation
(3) from experimental values of thermal conductivity, λ, specific heat capacity, Ce, and density, d.

Sample
Density 1, d

(kg/m3)

Specific Heat
Capacity,

Ce (kJ/(kg·K))

d·Ce

(kJ/m3·K)

Thermal
Conductivity,
λ (kW/(m·K))

Diffusivity, a
(m2/s)

Improvement 2 (%)

LF-0 1649 0.931 1535 666 0.434 ± 0.020 0.0
LF-5 1667 0.927 1545 571 0.369 ± 0.016 14.9 ± 1.3
LF-10 1688 0.907 1531 552 0.360 ± 0.017 17.0 ± 1.6
LF-15 1705 0.892 1521 448 0.294 ± 0.014 32.2 ± 3.0
LF-20 1714 0.860 1474 399 0.271 ± 0.014 37.6 ± 3.7

1 The values of density in Table 6 are those shown in Table 3 as apparent density. 2 Improvement calculated using LF-0 as a reference.

The improvement in efficiency related to thermal inertia of LF-20 is over 35% compared
to LF-0. The data from Table 6 yield a linear dependence of thermal diffusivity with iron
(III) oxide content in the lime mortar (Figure 8).

Figure 8. Thermal diffusivity of the lime mortar versus iron (III) oxide content.

4. Conclusions

Addition of iron (III) oxide is an efficient way to enhance the thermal insulating
capacity of a lime mortar. Addition of 20% of Fe2O3 fine powder to base lime mortar
reduces the thermal conductivity by ca. 40% and increases the thermal inertia by ca. 37%,
when compared to the base mortar. Thermal conductivity, λ, shows a strong dependence on
iron (III) oxide content. The factors improving the thermal properties can be summarized
as follows.

1. Thermal conductivity of the used additive, iron (III) oxide, is much lower than that of
the lime mortar (base material).

2. The porosity of mortar increases with the addition of Fe2O3 fine powder from 39% in
the base mortar (0% Fe2O3) to 47% in the mortar containing 20% of Fe2O3. The thermal
conductivity of a porous ceramics drops significantly with the porosity.

3. Due to the extremely low solubility of Fe2O3 in aqueous media, the area of the neck
formed between iron (III) oxide particles is small compared to the necks between lime
particles. Therefore, the effective surface of a solid phase able to transfer the heat by
conduction diminishes, thus, improving the thermal insulation capability.

4. The use of iron (III) oxide as an additive, which causes an increase of density and
a decrease of thermal conductivity compared to base mortar, leads to a significant
improvement of the thermal inertia of the resulting mortar.

The future work should consist in studying the influence of Fe2O3 additions on the
mechanical properties of lime mortar and their stability. Once the better thermal efficiency
of the new material has been demonstrated, the mechanical strength under compression
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becomes of a prime importance. Previous works on the addition of iron oxide particles to
Portland cement provide positive expectations in this sense.

5. Patents

Part of the results of the present article were registered in the following utility model:
Masdeu, F.; Muñoz, J.; Carmona, C.; Horrach, G. Mortero de cal termoaislante y su uso en
edificación. Spanish Patent ES1222024 U, 2018.
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Abstract: Power plants based on solar energy are spreading to accomplish the incoming green energy
transition. Besides, affordable high-temperature sensible heat thermal energy storage (SHTES) is
required. In this work, the temperature distribution and thermal performance of novel solid media
for SHTES are investigated by finite element method (FEM) modelling. A geopolymer, with/without
fibre reinforcement, is simulated during a transient charging/discharging cycle. A life cycle assess-
ment (LCA) analysis is also carried out to investigate the environmental impact and sustainability of
the proposed materials, analysing the embodied energy, the transport, and the production process. A
Multi-Criteria Decision Making (MCDM) with the Analytical Hierarchy Process (AHP) approach,
taking into account thermal/environmental performance, is used to select the most suitable material.
The results show that the localized reinforcement with fibres increases thermal storage performance,
depending on the type of fibre, creating curvatures in the temperature profile and accelerating the
charge/discharge. High-strength, high-conductivity carbon fibres performed well, and the simula-
tion approach can be applied to any fibre arrangement/material. On the contrary, the benefit of the
fibres is not straightforward according to the three different scenarios developed for the LCA and
MCDM analyses, due to the high impact of the fibre production processes. More investigations are
needed to balance and optimize the coupling of the fibre material and the solid medium to obtain
high thermal performance and low impacts.

Keywords: AHP; carbon fibres; conductivity; geopolymers; LCA; sustainability; thermal storage

1. Introduction

In recent decades, Solar Thermal Power Plants were developed at a large scale to
indirectly convert concentrated solar energy into green electricity [1]. These plants work
at high temperatures, and as frequently occurs for renewable energy sources, they are
highly dependent on the availability of solar radiation, i.e., only during the day [2]. Hence,
a reliable and efficient thermal storage system is mandatory to extend the productivity
of these energy plants. Sensible heat thermal energy storage (SHTES) is applied for a
high-temperature range, i.e., >573 K. In particular, the most feasible and economic storage
materials for SHTES are represented by high performance concretes [3]. However, in
the long term, they suffer from thermal fracture and failure due to thermal stress and
non-uniform temperature distribution during charging/discharging steps. To solve these
issues, high-strength-high-conductivity long fibres can be added to increase heat diffusion
and mechanical strength. Recently, geopolymer concretes are reported to have a higher
thermal stress resistance in repeated heating/cooling cycles at high temperatures [4–6], but
improved thermal properties are required to compete with reference benchmarks [7]. Many
numerical and simulation approaches have been used in literature to predict, evaluate,
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and enhance their performance [8–10]. Among them, FEM is the most useful to obtain
a reliable image of spatial distribution inside storage material because this is of funda-
mental importance for module design and performance analysis [11,12]. Fibre spacing,
pattern, and thermal properties are the main drivers for SHTES concrete reinforcement
and fibre embedding; hence, an efficient simulation of the temperature distribution during
the charge/discharge cycle of a thermal storage unit based on fibre-reinforced concretes
is necessary. Moreover, considering large scale plants, integrated storage systems, and
desired lifetime, a comprehensive design must take into consideration not only the ther-
mal properties of the solid storage medium and its simulated performances but also the
environmental impact and sustainability of the materials and processes involved in its
production.

Geopolymers are innovative binders that have been extensively studied in recent years
consisting of amorphous to semi-crystalline aluminosilicates synthesized using alkaline
solutions and solid precursors such as low-Ca fly ash [13], calcined clays [14–16], and other
industrial, and natural waste [17–20].

These materials show excellent mechanical properties, low shrinkage (low-Ca pre-
cursors), thermal stability, freeze-thaw, acid and fire resistance, long term durability, and
recyclability [21,22]; thus, they are a potential alternative to traditional Portland cement
in selected applications because in many cases they have also a reduced environmental
impact.

On the other hand, owing to their ceramic nature, they have relatively low toughness
and low flexural strength and, to improve these properties, geopolymer matrix composite
materials have been prepared and studied. Plenty of studies [23,24] have been produced
on this topic, and many types of fillers have been tested, such as particulate and various
kinds of short and continuous fibres. Novel geopolymer matrix composites and hybrids
have also been obtained by the in situ co-reticulation of a geopolymer matrix with an
epoxy-based organic resin [25–30].

In addition to the mechanical performance, geopolymer matrix composites can be
used to modify geopolymer thermal properties, such as thermal conductivity and fireproof-
ing [31], e.g., sustainable geopolymer concrete with good thermal insulation properties
were obtained by incorporating recycled expanded polystyrene spheres in a metakaolin
based geopolymer matrix, together with a waste-derived filler [32]. Considering this back-
ground, it is demonstrated that geopolymer concretes represent a high potential alternative
material for SHTES based on solid media due to their versatile properties, formulations,
and feasibility.

In this work, a geopolymer concrete is modelled as a solid medium for SHTES. The
enhancement of thermal properties and temperature distribution are obtained by adding
fibres with high conductivity in an ordered arrangement around the heat exchanger pipe.
Temperature contours, time evolution, and thermal performance of geopolymer concretes
are compared with and without fibres to demonstrate the effect of fibres and fibre materials.

In addition to the simulation of the behaviour of the new geopolymer materials,
for their use in thermal energy storage, and the comparison with previous literature, an
analysis of the environmental impact that the production of 1 m3 of material has on the
ecosystem was performed. This type of approach was useful to understand the technical
and environmental limits of the new materials designed for thermal storage units. The
environmental impact assessment was carried out following the rules imposed by the life
cycle assessment (LCA), following a cradle-to-gate approach under the conditions valid
for the assessment of the Environmental Product Declaration (EPD®) for possible future
industrialization in Italy.

The International EPD® System is a global program that communicates verified, trans-
parent, and comparable information about the life cycle environmental impact of products.
EPD is based on ISO 14025 (ISO 14025:2006 Environmental labels and declarations—Type
III environmental declarations—Principles and procedures) and EN 15804 (EN 15804: 2012
Sustainability of construction works, Environmental product declarations, Core rules for
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the product category of construction products) standards. For this reason, EPD is among
the most accepted methods that return, in a standardized and comparable way, the results
of the LCA related to a product, a process or an activity [33].

To give support in the decision-making process at the industrial level, the thermal and
environmental performances obtained were also evaluated through the Super-Decisions
simulation program. This software provides a powerful methodology for combining
judgment and data to effectively rank options and predict outcomes. Several authors [34,35]
showed that, following the combined LCA-Analytical Hierarchy Process (AHP) Multi-
Criteria Decision Making (MCDM) approach, it is possible to obtain the best evaluation
of the behaviour of materials from the point of view of performance and environment.
This kind of approach has been used by the scientific community, due to its simplicity and
robustness for sustainable evaluation [36] and has already been used to choose sustainable
materials based on their features [37].

2. Materials and Methods

2.1. Model Design of the Fibre-Reinforced SHTES Unit and Simulation Conditions

The storage module is a complex parallelepiped with an embedded heat exchanger
composed by tubes in square arrangement [38]. This structure is often decomposed as a
repetition of differential storage elements due to module symmetry. The differential storage
element for calculations is usually a hollow cylinder with a cross-section area equivalents to
that of a square [9,38,39]. Differently from the cited references, the geometry is not further
reduced to a 1D radial problem because the external square represents a real physical limit
and, from the thermal point of view, this could be incorrect as the temperature diffusion
(e.g., at the corners) could be uneven in certain directions, and could be undetected during
the transient simulation. Moreover, a 1D radial modelled element does not allow the local
enhancement by inserting discrete objects to create multi-conduction areas for a thermally
engineered design.

Therefore, as an extension of previous literature [7,40], in this work, a square-based
parallelepiped of unit length (1 m) is the differential storage element for FEM simulations.
The geometric mesh was modelled in GAMBIT 2.3.16. The new feature is the arrangement
of 16 bunches of fibres in squared pitch around the central heat exchanger pipe as shown
in Figure 1.

 

Figure 1. Cross-section mesh of the storage element used for simulations. (a) Mesh Geo without fibres. (b) Mesh Geo-Fib
with fibres.
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The storage mesh has an 8 × 8 cm2 section area; fibres are centrally spanned on a
5 × 5 cm2 square around the tube. The tube diameter is 2 cm, fibre bunch diameter is
0.6 cm, and the interspace between each bunch is 0.65 cm. Further details on the mesh are
reported elsewhere [7]. The storage material is a geopolymer concrete (G), while two types
of fibres, i.e., Carbon fibre (FibC) or Nickel fibre (FibNi), are considered as reinforcement.
Their properties are listed in Table 1. These two types of fibres, i.e., a metal-based and
a carbon-based one, were selected because they are two common commercial fibres, not
very expensive, and show the same thermal conductivity but different density and specific
heat capacity (hence, a different diffusivity). So, it was interesting to compare them for
this specific application. Moreover, they are also already used to reinforce concretes and
building materials to improve the mechanical resistance and hence the lifetime of the
material, aspects that are not directly investigated in this work. Given the improved
mechanical resistance and durability, more information about the thermal performance
and sustainability of SHTES is needed when considering these fibres.

Table 1. Thermal properties of storage materials used in simulations.

Material
Density ρ
(kg/m3)

Spec. Heat
Cap. c

(J/kg·K)

Thermal
Cond. k
(W/m·K)

Thermal
Diff. α × 107

(m2/s)

Vol.
Thermal
Cap. Cvol

(kWh/m3·K)

FibC 1810 800 70 483 1448.24
FibNi 8890 456 70 173 4053.84

G 1811 751 1.01 7.43 1360.06

For FibC and FibNi, the thermal properties were retrieved from [41], while those for
G are from [7]. Thermal diffusivity α and volumetric thermal capacity Cvol were simply
calculated from ρ, c, and k as follows:

α =
k

ρ·c (1)

Cvol = ρ·c (2)

Sensible heat storage FEM simulations were run using the computational fluid dynam-
ics CFD software ANSYS Fluent (v. 6.3.26, ANSYS Inc., Canonsburg, PA, USA). Assump-
tions, governing equations, storage cycle, boundary, and initial conditions are the same as
those reported in the literature [7,10,40] and were used without relevant modifications. In
brief, the maximum temperature difference for storage was 40 K, i.e., from 623 to 663 K,
all the materials were considered isotropic, thermal properties were considered constant
within the small temperature range, and the unit was considered perfectly insulated ther-
mally. The imposed thermal cycle was 3600 s of charge/discharge and 3600 s of storage
(buffering time or “break”). The time step for simulations was 2 s, convergence criteria
were set at 10−4, and the built-in Monitor function of Fluent was used to take the contour
profiles of temperature distribution at 5, 20, 40, and 60 min during charge/discharge with
a temperature accuracy (colour scale) of 2 K, while one of the external edges of the module
was selected to record the average T profile at the wall.

2.2. LCA Analysis

Comparative LCA analysis was carried out on the three geopolymer concretes studied
in this work, and on materials studied in previous work for similar applications. In
particular, a plain cement concrete (C) [7], a modified concrete with marble sludge (PA0),
the same modified concrete with 20% by weight of recycled plastic (PA20) [7], and the
material named A4 developed by Guo et al. [42] were compared against the coal fly ash-
based geopolymer (G), the same coal fly ash-based geopolymer matrix composite with
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Carbon fibres (FibC) or with Nickel fibres (FibNi), as described in the previous section. In
Table 2, the compositions of all tested materials are reported.

Table 2. Composition of the investigated materials used in the life cycle assessment (LCA) analysis.

Materials Unit C PA0 PA20 G FibC FibNi A4

CEM II/A-L 42.5R kg/m3 280.00 300.00 300.00 - - - -
Sand kg/m3 1000.00 - - - - - -

Gravel kg/m3 400.00 - - - - - -
Fine gravel kg/m3 200.00 - - - - - -

Marble sludge kg/m3 - 146.00 171.00 - - - -
Crushed limestone kg/m3 - 1648.00 1227.00 1288.83 1234.33 1234.33 -
Plastic aggregate kg/m3 - - 140.00 - - - -

Fly ash kg/m3 - 90.00 90.00 313.91 300.63 300.63 -
Alkaline solution * kg/m3 - - - 208.27 199.46 199.46 -
Superplasticizer ** L/m3 - 6.86 8.91 - - - -

Fibre kg/m3 - - - - 88.69 435.61 -
Calcium aluminate cement kg/m3 - - - - - - 268.00

Basalt kg/m3 - - - - - - 991.60
Bauxite kg/m3 - - - - - - 964.80

Graphite kg/m3 - - - - - - 268.00
Silica sand kg/m3 - - - - - - 134.00

Aluminium micropowder kg/m3 - - - - - - 107.20
Steel kg/m3 - - - - - - 134.00

Density kg/m3 2410.00 2190.86 1936.91 1811.00 1823.11 2170.03 2170.03

* Sodium silicate R = 2 (molar SiO2/Na2O ratio) was used as the alkaline solution. ** Superplasticizer is a mix of Lignosulphonate: max.
35%; Naphthalene sulphonate: max. 30%; Melamine sulphonate: max. 45%; Polycarboxylate: max. 35%. Commercial material from the
European Federation of Concrete Admixtures Associations Ltd. (EFCA) (EPD EFCA).

The LCA was performed according to ISO 14040:2006 (ISO 14040:2006 Environmental
Management—Life Cycle Assessment—Principles and Framework) with the Simapro©
software (v. 8.5.2, PRé Sustainability, Amersfoort, The Netherlands).

In this work, the boundary system involved raw materials, transport, and manufac-
turing and was based on 1 m3 of material production.

In a specific view:

• The LCA was performed in a way that considered the contribution of the raw materials
for all the different mixtures; the production processes have some energy consumption
in common, in particular material milling, mixing, and element cutting are similar for
each material, so they have the same value for all the products. The difference in the
process is the curing necessary for geopolymer products, which need 24 h in a climatic
chamber at 60 ◦C to complete reticulation reaction and hardening. In this case, the
electricity consumption linked to this step was estimated using the Italian energetic
mix as in [43].

• The impacts of the raw materials were estimated including extraction and all the neces-
sary processes preliminary to their use. For fly ash, just the transportation contributed
to the impacts, because it can be used directly in the production process and can be
considered as a no-impact material, as demonstrated in previous works [43,44]. In
the case of recycled plastic, just the milling and the transport were estimated, with a
negative global contribution for different environmental impact items such as global
warming potential (all the contributions are shown in Appendix A, Tables A1–A7).
This is because the environmental impacts due to traditional management of plastic
(disposal mix: in landfills, recycling, composting, burning, etc.) are avoided. For the
calcium aluminate cement and the superplasticizer, the environmental impacts were
calculated based on the EPD® 830 çimsa RESISTO40 following ISO14040/44 [45] and
the European Federation of Concrete Admixtures Associations Ltd. (EFCA) EPD®
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according to ISO14025:2011-10 [46], respectively. The estimated impacts of PAN fibre
production were also taken from the literature [47].

• All other material impacts were taken from Simapro Ecoinvent 3 database.
• The transportation stage was considered for the delivery of the raw materials to the

plant. In particular, based on the average availability of materials in Europe, an
average transport distance up to 100 km for all the starting materials was considered.
It is worth noting that this estimation had little effect on the overall production impacts
of each system, bordering on undetectable.

No treatment of “the end of life” was considered for any of the products, except for
the recycled materials used as precursors. In this case, the missed impacts from landfill
disposal were evaluated and inserted with a negative value. So, a cradle-to-gate approach
was considered, following the EPD.

SimaPro 8.5.2 © is equipped with different methods for assessing impacts. In particular,
the ReCiPe (2016) Midpoint method was chosen in the present work. This is a method for
Life cycle impact assessment (LCIA) that translates emissions and resource extractions into
a limited number of environmental impact scores utilizing the so-called characterization
factors [48]. In this work, it was chosen at the midpoint level to better underline the
contribution of all precursors in the environment, without the loss of sensitivity linked
to the implementation of all the indicators in the three macro areas that constitute the
endpoint level of the method [49].

This LCA method includes 18 midpoint impact categories, but, in this work, the
midpoint characterization is shown just for some of the items (the remaining ones are
reported in Appendix A):

• Climate change: Global Warming Potential (GWP), which quantifies the integrated
infrared radiative forcing increase in greenhouse gas (GHG), expressed in kg CO2-eq
(IPCC 2013).

• Stratospheric ozone depletion: The ozone-depleting potential (ODP), expressed in
kg CFC-11 equivalents, was used as a characterization factor at the midpoint level.
ODP refers to a time-integrated decrease in stratospheric ozone concentration over an
infinite time horizon [50].

• Particulate matter: Quantification of the impact of premature death or disability
that particulates/respiratory inorganics have on the population, in comparison to
PM2.5. This includes the assessment of primary (PM10 and PM2.5) and secondary PM
(including the creation of secondary PM due to SOx, NOx, and NH3 emissions) and
CO [51].

• Photochemical ozone formation: human health ozone formation potential (HOFP) is
expressed in kg NOx−eq. The change in ambient concentration of ozone after the emis-
sion of a precursor (nitrogen oxides (NOx) or non-methane volatile organic compounds
(NMVOC)) was predicted with the emission–concentration sensitivity matrices for
emitted precursors from the global source-receptor model, TM5-FASST [52].

• Terrestrial acidification: For the midpoint characterization factors of acidifying emis-
sions, the fate of a pollutant in the atmosphere and the soil was calculated as in [53].
Acidification potentials (AP) are expressed in kg SO2-eq. Changes in acid deposition,
following changes in air emission of NOx, NH3, and SO2, were calculated with the
GEOS-Chem model [54].

• The midpoint indicator for fossil resource use, determined as the Fossil Fuel Potential
(FFP in kg oil-eq), is defined as the ratio between the higher heating value of a fossil
resource and the energy content of crude oil [55].

The limitation of these impact factors is for quicker analysis, but all the environmental
impact categories are reported in Appendix A.

2.3. Super-Decisions AHP Analysis

The six parameters shown in LCA analysis were considered Super-decisions sub-
criteria. At the end of environmental analysis, it was possible to investigate the best
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materials from the point of view of both thermal and environmental performance. To do
this, Super-decisions free software (v. 3.2, Creative Decisions Foundation, Pittsburgh, PA,
USA) was used. This software provides tools to create and manage AHP and Analytic
Network Process (ANP) models, enter judgments, obtain results, and perform sensitivity
analysis on the results. In the present work, a hierarchical approach (AHP) was chosen. In
this kind of analysis, levels are arranged in descending order of importance. The elements
in each level are compared according to dominance or influence for the elements in the
level immediately above that level [56].

Figure 2 shows the graph of the hierarchical levels with which the calculations were
carried out. Specifically, we have the most suitable material that derives from its thermal
performance and from the environmental impact generated by the production of the
material itself.

 

Figure 2. Super-decisions Analytical Hierarchy Process (AHP) model to select the best sensible heat
thermal energy storage (SHTES) material.

The chosen criteria consider three different scenarios: (i) the material production
process LCA values have the same importance of thermal performance; (ii) the LCA values
of materials have a weight four times greater than that of thermal performance; (iii) the
weight of thermal performance is four times that of LCA values. The first scenario can
represent the case of the short lifetime of the plant; on the other hand, the third scenario
can represent the case of a very long lifetime, in which the environmental impact of the
production process is spread over a long period in the third scenario, and the durability of
the materials becomes fundamental, but this is not the subject of the present work, and this
factor could likely see fibre-reinforced materials prevail over the unreinforced ones. In the
sub-criteria, a different weight was given to LCA parameters and thermal storage variables.
The rank of the different variables was chosen according to the authors’ experience [57],
based on the LCA results and the thermal performance obtained from the simulations
(Appendices A and B).

The scale used to compare different criteria is that suggested by Saaty 2003 [58]: (1)
equal, (2) between equal and moderate, (3) moderate, (4) between moderate and strong, (5)
strong, (6) between strong and very strong, (7) very strong, (8) between very strong and
extreme, (9) extreme. In Table 3, the weights of the 8 variables considered in the sub-criteria
are reported. Values obtained for each material (alternative) are reported in Appendix B
(Tables A16–A19 and A8–A15).
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Table 3. (a) Weights of the sub-criteria variables: A1—climate change, A2—ozone depletion, A3—
photochemical oxidant formation, A4—particulate matter, A5—terrestrial ecotoxicity, A6—fossil
depletion; (b) A7—storage efficiency, A8—ΔTeff.

a A1 A2 A3 A4 A5 A6
A1 A 3 4 4 5 2
A2 1/3 1 2 2 3 1/2
A3 1/4 1/2 1 1 2 1/3
A4 1/4 1/2 1 1 2 1/3
A5 1/5 1/3 1/2 1/2 1 1/4
A6 1/2 2 3 3 4 1

b A7 A8
A7 1 3
A8 1/3 1

The alternatives should be compared pairwise as well: as a result, a positive reciprocal
matrix for the alternatives should be designed. All the judgements over the criteria and
alternatives have to be consistent. This means that the inconsistency index for each element
of the reciprocal matrices should not exceed 0.1 [59].

3. Results and Discussion

3.1. Thermal Storage Charge/Discharge Temperature Profiles, Maps and Performance of
Fibre-Reinforced Geopolymer Concretes

In Figure 3, the average temperature profile at the wall during a thermal cycle is
shown for the three different storage elements investigated. As noticeable, in all cases,
the elements could charge and discharge very fast. In detail, the element reinforced with
carbon fibres, FibC, attained the highest temperature after the charging step and the deepest
discharge state for the given time, i.e., 3600 s for charge/discharge.

Figure 3. Temperature profile at the wall for the geopolymer concrete with/without fibres.
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However, the thermal behaviour of the three elements was slightly different as the
best was FibC, due to the presence of the high conductive carbon fibres, but the worst
was FibNi and not the plain geopolymer, G. This would mean that the use of Nickel fibres
does not improve thermal performance, although is a metal. In reality, the enhancement
of inserting the Nickel fibres relies more heavily on the internal temperature distribution
and hence the overall storage efficiency because, as discussed later, due to the high heat
capacity of these fibres, the external wall temperature is slightly lower than G, but the
distribution of the temperature is completely different. These qualitative conclusions are
confirmed by quantitative calculations of thermal performance as reported in Table 4.

Table 4. Thermal performance of storage elements.

Material
ΔTeff

(K)
Thermal Storage Efficiency

(%)
Volume Power Density

(kWh/m3)

FibC 37.71 95.86 14.24
FibNi 36.62 94.63 13.83

G 37.11 92.42 13.28

The FibC storage element has improved storage efficiency and power density due to
the higher effective temperature increase (ΔTeff) achieved during charge.

For the local temperature distribution inside the storage element, in Figure 4, the
temperature contours at different charging times are compared.

 

Figure 4. Temperature contours at different charging times for storage elements.

As a consequence of fibre addition, the profile shapes were different. In the plain
geopolymer G at the beginning, the temperature contour evolved with a series of concentric
waves but, once the wave reached the external wall at the perpendicular direction, the
curvature changed and waves slowly propagated to cover corners. At the end of the
charge, from the contours, it is evident that temperature distribution was very good but
slightly uneven and that the slower propagation at corners was the reason behind this.
Differently, when fibres were inserted around the tube, heat propagation was enhanced,
and temperature distribution was more uniform at walls as waves proceed smoothly also
in corner directions. The two storage elements with fibres both have two well-determined
regions, one with uniform temperature all around the walls, and another inner region
around the fibres that distribute the heat evenly from the central pipe (that has its heat
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transfer hot “corona” where the main heat transfer phenomena from the heat transfer fluid
take place). The presence of regions with different thermal diffusivity, i.e., fibres and matrix,
modified the contour shape and increased the speed of heat propagation near fibres. The
lower performances of FibNi, thermal conductivity being the same as for FibC, is ascribed
not only to the lower thermal diffusivity but also to the larger volumetric thermal capacity,
Cvol, i.e., the quantity of thermal energy required to raise the temperature of 1 m3 of storage
material by 1 K. This is because the coupling of the matrix G with the carbon fibres seems
quite optimal. After all, they have a similar thermal capacity (i.e., same energy required
to charge), but the fibres have far higher conductivity and diffusivity (i.e., faster charge);
hence, FibC combines the benefits of both.

The discharging behaviour of the three modules was also simulated, and the contours
are reported in the following Figure 5.

 

Figure 5. Temperature contours at different discharging times for storage elements.

Discharging behaviour also showed interesting features as it is different for the three
materials due to the insertion of the fibres. In G, the discharge was uniform and quite fast,
leaving a uniform temperature region all around the walls and another inside the materials.
Conversely, the storage elements with fibres both showed a non-circular propagation of the
temperature profile in the section due to the fibres. In fact, after discharge, the corners of
the elements remained a slightly (i.e., 1–2 K) warmer than the internal region (central pipe
corona excluded because it is the “source” of the discharge, similar for all the material).
This is probably because the fibres tend to “protect” the element by preventing heat loss,
enhancing thermal diffusion because they have their own thermal capacity, i.e., they can
store some heat, different from the geopolymer matrix.

However, it should be noted that, although the discharge contours were very different,
the average temperature at the wall after discharge (Figure 5) was almost similar for G
and FibC, while the FibNi discharged and charged slowly. In fact, at the beginning of the
thermal cycle, the three storage modules had the same identical status at the charge, but
at the discharge phase, the initial condition of the material was that at the ending of the
charging phase; hence, the initial temperature distribution is not the same for all three
materials, thus better reflecting the actual behaviour of the modules for real applications. In
ideal conditions, the charge and discharge are perfectly reversible; hence, the temperature
profiles, e.g., Figure 5, tend to be specular and symmetric, and it is only possible to modulate
and tune different times and durations of the charge/discharge phase.
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The beneficial effect on thermal performance could be increased by changing the
volume loading of the fibres, but an optimal compromise with environmental issues must
be carefully considered as it is crucial for the operational life and economic balance of the
plant/application, as discussed below.

3.2. LCA Environmental Analysis of the Fibre-Reinforced Geopolymer Concretes for SHTES Units
Compared with Other SHTES Unit Materials

The ReCiPe hierarchic midpoint method allowed us to estimate all the impact factors
for each material of all the products and the contribution of transport and energy deple-
tion during the production process. The most important impact categories are shown in
Figure 6.

 

Figure 6. Comparison of environmental impact contribution for the proposed SHTES materials: (a) climate change (CO2 eq.
emission); (b) ozone depletion (CFC11 eq. emission); (c) particulate matter (PM2.5 emission); (d) photochemical oxidant
formation (NMVOC eq. formation); (e) terrestrial acidification (SO2 eq. production); (f) fossil fuel depletion (oil eq.
consumption).
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As can be observed, the best performances from the environmental point of view
were obtained by recycled plastic concrete (PA20), which shows, in some items, negative
values for Freshwater ecotoxicity (all the values shown in Appendix A). In this case, both
the limestone sludge and the plastic shavings, used in the concrete mix instead of usual
disposal, showed a significant reduction in environmental impacts, making them preferable
as a green opportunity.

Good and similar impact values were obtained by the concretes based on Portland
cement (C) and concrete with the addition of limestone sludge (PA0). Geopolymer shows
better performances from the point of view of global warming potential and acidification,
and slightly worse values for fossil and ozone depletion, as detected in other geopoly-
mers/Portland concrete comparisons [33,43].

The worst results from an environmental point of view were obtained by the fibre
reinforced geopolymers. These types of materials show very good thermal storage capacity,
and thanks to the fibres, they could also acquire excellent mechanical performances. In this
case, the environmental impact is considerably increased by the fibre production process,
which turns out to be quite energy-intensive due to the high temperatures necessary for
melting and extrusion. The use of a small aliquot of fibre (4.9% by volume, adopted in
thermal simulation) shows increased environmental impact values even 10 times greater
than those obtained with pure geopolymer. In this case, the nature of the fibre has a decisive
influence on the environmental impact of the entire product. Results comparable to those
of fibrous geopolymer composites are obtained by assessing the impacts associated with
the use of A4 concrete, although in this case the environmental impact is slightly lower.
This type of material turns out to be quite different from ordinary concretes as it is mainly
made up of bauxite and basalt and contains a certain amount of graphite and steel fibre,
although in lower weight percentage, compared to those elaborated in the present work.

A4 and composite materials exploit virgin raw materials that have a high energy
production cost and, therefore, limit their use if compared to the environmental purposes
of this work. However, such solutions should not be discarded based on this analysis
because their thermal, mechanical, and volume/weight performances are very interesting,
and therefore, an assessment over the entire life cycle would be necessary, for example,
with an estimation of the lifetime (which is usually considered greater for geopolymers if
compared to cement concretes) and with the possible recovery of raw materials at the end
of the lifetime.

To better understand whether these materials can have a real use from an environ-
mental point of view, it was deemed necessary to carry out a weighted comparison of the
technical characteristics of the materials and the environmental impact associated with
their production process, by using the Super-decisions software. The Super-decisions
multi-criteria analysis results are reported in Figure 7. The values are normalized to the
best material for each scenario so that the best option has a value of 1 and the others show
a lower level of performance proportional to the best material.

In the first scenario, the best performance was obtained by PA0. This material showed
good performance due to its elevated thermal properties and relative intermediate values
from an LCA point of view. A4, Geopolymer, and PA20 showed global performance very
similar to each other, although their characteristics are very different. A4 is the best thermal
material among those studied, but its production is not sustainable. The good performance
of Geopolymer is related to its intermediate thermal behaviour coupled with a generally
low environmental impact, due to the generally low CO2 emission and the reuse of Fly
ash waste material. PA20 instead showed the worst thermal behaviour, but a very low
environmental impact due to the recycling of plastics and the use of inert sludge derived
from marble processing. In this case, plain concrete C also performed slightly better than
FibC, characterized by better thermal performance but worse environmental impacts in the
production process. Nickel fibre-reinforced geopolymer material showed the worst global
performance.
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Figure 7. Results of the AHP analysis applied to the proposed SHTES materials, according to the 3 proposed scenarios.

In the second scenario (in which the environmental production impact has the highest
importance), the best performance was provided by PA20 concrete, which was better
than all the other materials, especially fibre-reinforced ones. In this case, concrete C and
Geopolymer had similar performance, better than other materials, starting from PA0
concrete to FibNi material.

In the third scenario, the best material was A4, characterized by the best performances
from the storage efficiency and ΔTeff point of view. The performance of PA0 was higher
than that of FibC, due to its lower environmental impact and a good value in ΔTeff, al-
though the two materials showed similar storage efficiency. Additionally, in this evaluation,
Geopolymer showed good performance, better than FibNi and PA20, with the plain con-
crete C showing the worst. This underlines that, if the industrial investment has a very
small period of use, plain concrete could be a good choice due to its low cost (not analysed
in this paper), but it is strongly not recommended for long-term entrepreneurial activities.

It is worth noting that these three different scenarios are the extreme conditions. They
were evaluated to simulate the decision-making process of the designers when deciding
on thermal storage system materials without any sort of “flexibility” and “sensibility”
represented by human factors, and the classification exposed above is a rough list based
only on mathematical considerations. For example, since solid data on the durability of
singular materials are not available, the weight of the environmental impact obtained
during the production phase can have a more or less marked relevance depending on
material lifetime, but, in any case, the three scenarios can likely represent a good simulation
of the possible real cases.

4. Conclusions

Among the distinguishing features of this work is the use of a square parallelepiped
as a differential storage element instead of a hollow cylinder for a more accurate simulation
of heat propagation and temperature distribution inside the SHTES media. This approach
allows the exact design of the volume of the fibre-reinforced concretes with enhanced
thermal properties for performance evaluation. In fact, in this work, the performances of a
geopolymer concrete were estimated with and without high-conductive fibres. The results
demonstrate that the simulation approach can be useful to design storage modules with
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different types of fibres and arrangements. For example, the preliminary comparison of
two different fibres, i.e., carbon and nickel, shows that metal is not always the best choice,
as thermal performances are strongly affected by thermal conductivity, volumetric heat
capacity, and thermal diffusivity. The storage efficiency of FibC is around 96% compared
to the 94% of FibNi for the identical storage cycle. A similar comparison can be made for
power density. This is due to the fact that although FibNi and FibC have the same thermal
conductivity, in transient heat transfer, the higher heat capacity of FibNi requires more time
and more thermal energy for charging. Further development of this approach can be used
to study the optimization of fibre arrangement and properties.

From the environmental point of view, the least impacting product was found to be
the benchmark PA20 concrete, obtained with an ordinary Portland cement and recycled
materials as aggregates. The benchmark plain concrete and the concrete with marble sludge
inert material have a similar impact factor, slightly worse than the geopolymer for CO2
emission, but generally better in ozone depletion and ecotoxicity. Carbon fibres and Nickel
fibres geopolymer matrix composites were found to be the worst, at this stage, due to the
high energy demand for fibre production.

On the other hand, these products, with PA0, exhibited the best thermal behaviour
from the thermal energy storage point of view, and a careful LCA analysis of the whole
TES system, by considering more scenarios and the total lifetime of the system, could
suggest ways to reduce the impact factors of the fibre-reinforced geopolymers to exploit
their thermal storage benefits, leading to a marked improvement in the environmental
performances.

Finally, the main result of this work is that although, theoretically, the addition of
long fibres with high thermal properties can improve mechanical resistance and thermal
performance, optimizing the charge/discharge times, the combined use of numerical
simulation and LCA analysis demonstrates that the addition of fibres can worsen the
environmental impact of the overall system, thus reducing the real renewability and
sustainability of a storage system.

Thermal and LCA results were used in a multi-criteria decision AHP analysis to simu-
late the choice of the optimal material. Three different scenarios were simulated, weighing
differently the incidence of the environmental impact and the thermal performance. So,
depending to the case, the preferred materials are PA20 (showing the lowest environmental
impact), PA0 (with a relative intermedia value of environmental impact and very inter-
esting thermal performance), and A4 short-fibred material (the best thermal performing
material).
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Appendix A

Appendix A is a supplementary section in which all the impacts related to singular
species in the analysed materials are shown.

Table A1. Plain Cement Concrete (C).

Item Unit Total
Concrete

C
Cement, CEM
II/A-L 42.5R

Gravel,
Crushed

Sand
Gravel,
Round

Climate change kg CO2 eq 351.17 0.00 323.24 4.83 16.16 6.94
Ozone depletion kg CFC-11 eq 7.82 × 10−6 0.00 6.20 × 10−6 2.62 × 10−7 9.93 × 10−7 3.65 ×10−7

Terrestrial acidification kg SO2 eq 1.02 0.00 0.84 0.03 0.10 0.05
Freshwater eutrophication kg P eq 3.18 × 10−2 0.00 2.65 × 10−2 1.28 × 10−3 3.03 × 10−3 9.92 × 10−4

Marine eutrophication kg N eq 4.34 × 10−2 0.00 3.53 × 10−2 1.30 × 10−3 4.83 × 10−3 1.97 × 10−3

Human toxicity kg 1,4-DB eq 37.90 0.00 31.26 1.42 3.82 1.41
Photochemical oxidant

formation kg NMVOC 1.05 0.00 0.84 0.03 0.13 0.05

Particulate matter formation kg PM10 eq 0.40 0.00 0.32 0.01 0.04 0.02
Terrestrial ecotoxicity kg 1,4-DB eq 9.99 × 10−3 0.00 7.75 × 10−3 3.98 × 10−4 1.35 × 10−3 5.01 × 10−4

Freshwater ecotoxicity kg 1,4-DB eq 0.83 0.00 0.62 0.05 0.12 0.04
Marine ecotoxicity kg 1,4-DB eq 0.90 0.00 0.69 0.04 0.13 0.05
Ionising radiation kBq U235 eq 18.46 0.00 15.49 0.66 1.79 0.51

Agricultural land occupation m2a 2.45 0.00 1.91 0.11 0.31 0.13
Urban land occupation m2a 3.27 0.00 1.46 0.24 1.12 0.45

Natural land transformation m2 0.04 0.00 0.02 0.00 0.01 0.00
Water depletion m3 417.59 0.12 368.09 11.94 27.02 10.42
Metal depletion kg Fe eq 6.55 0.00 4.07 0.49 1.42 0.57
Fossil depletion kg oil eq 42.84 0.00 34.23 1.41 5.12 2.08

Table A2. Cement concrete with limestone waste recovery (PA0).

Item Unit Total
Concrete

PA0

Cement,
CEM II/A-L

42.5R

Limestone,
Crushed,
Washed

Fly Ash
Limestone

Residue
Superplasticizer

*

Climate change kg CO2 eq 408.63 0.00 377.28 19.20 0.06 −0.83 12.93
Ozone depletion kg CFC-11 eq 6.80 × 10−6 0.00 5.66 × 10−6 1.22× 10−6 6.76 × 10−9 −9.66 × 10−8 4.56 × 10−9

Terrestrial acidification kg SO2 eq 1.25 0.00 1.09 0.17 0.00 −0.01 0.00
Freshwater eutrophication kg P eq 0.03 0.00 3.04 × 10−2 2.48 × 10−3 9.27 × 10−6 −7.04 × 10−5 6.25 × 10−6

Marine eutrophication kg N eq 0.05 0.00 4.14 × 10−2 8.45 × 10−3 7.63 × 10−6 −2.92 × 10−4 5.09 × 10−6

Human toxicity kg 1,4-DB eq 37.67 0.00 34.23 3.45 0.01 −0.08 0.06
Photochemical oxidant

formation kg NMVOC 1.22 0.00 1.00 2.20 × 10−1 0.00 −0.01 0.00

Particulate matter formation kg PM10 eq 0.58 0.00 0.42 1.60 × 10−1 0.00 0.00 4.43 × 10−5

Terrestrial ecotoxicity kg 1,4-DB eq 0.01 0.00 0.01 1.60 × 10−3 0.00 0.00 2.54 × 10−5

Freshwater ecotoxicity kg 1,4-DB eq 0.77 0.00 0.67 1.09 × 10−1 0.00 0.00 1.65 × 10−4

Marine ecotoxicity kg 1,4-DB eq 0.85 0.00 0.73 0.12 0.00 0.00 2.28 × 10−4

Ionising radiation kBq U235 eq 11.82 0.00 10.25 1.64 0.01 −0.09 0.01
Agricultural land occupation m2a 2.11 0.00 1.90 3.41 × 10−1 0.00 −0.14 0.00

Urban land occupation m2a 2.47 0.00 1.70 9.16 × 10−1 0.00 −0.15 0.00
Natural land transformation m2 0.04 0.00 0.03 5.41 × 10−3 0.00 5.95 × 10−3 6.30 × 10−6

Water depletion m3 458.14 0.15 412.78 45.28 0.28 −0.58 0.23
Metal depletion kg Fe eq 5.34 0.00 4.06 1.32 0.00 −0.04 0.00
Fossil depletion kg oil eq 44.60 0.00 38.84 6.26 0.02 −0.53 0.01

* Superplasticizer impacts were taken from the European Federation of Concrete Admixtures Associations Ltd. (EFCA) EPD®.
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Appendix B

Appendix B is the section in which all the criteria ratios for Super-decision analysis
are shown.

Table A8. Climate change criteria.

PA20 PA0 C A4 G FibC FibNi

PA20 1 3 4 8 2 7 9
PA0 1/3 1 2 5 1/3 4 6

C 1/4 1/2 1 4 1/2 4 5
A4 1/8 1/5 1/4 1 1/7 1

2 2
G 1/2 3 2 7 1 5 8

FibC 1/9 1/6 1/6 2 1/5 1 3
FibNi 1/7 1/4 1/4 1/2 1/8 1/3 1

Inconsistency 0.0227.

Table A9. Ozone depletion criteria.

PA20 PA0 C A4 G FibC FibNi

PA20 1 1 1/2 6 3 7 7
PA0 1 1 1/3 6 3 7 7

C 3 3 1 8 2 9 7
A4 1/6 1/6 1/8 1 1/7 2 1/2
G 1/3 1/3 1/2 7 1 8 2

FibC 1/7 1/7 1/9 1/2 1/8 1 1/2
FibNi 1/7 1/5 1/7 2 1/3 2 1

Inconsistency 0.0298.

Table A10. Particulate matter criteria.

PA20 PA0 C A4 G FibC FibNi

PA20 1 1 1/3 4 1/3 3 7
PA0 1 1 1/3 4 1/3 3 6

C 3 3 1 6 1 3 9
A4 1/4 1/4 1/6 1 1/6 1 2
G 2 3 1 6 1 3 9

FibC 1/3 1/3 1/9 1 1/9 1 2
FibNi 1/7 1/6 1/7 1/2 1/7 1/2 1

Inconsistency 0.00775.

Table A11. Photochemical oxidant formation criteria.

PA20 PA0 C A4 G FibC FibNi

PA20 1 1 1/2 3 1/2 2 7
PA0 1 1 1/2 3 1/2 2 7

C 2 2 1 4 1 3 9
A4 1/3 1/3 1/4 1 1/4 1/2 2
G 2 2 1 4 1 3 9

FibC 1/2 1/2 1/3 2 1/2 1 5
FibNi 1/7 1/7 1/9 1/2 1/9 1/5 1

Inconsistency 0.0106.
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Table A12. Marine ecotoxicity criteria.

PA20 PA0 C A4 G FibC FibNi

PA20 1 2 1/2 7 1/2 4 9
PA0 1/2 1 1/2 5 1/2 3 7

C 1/2 1 1 5 1 3 7
A4 1/7 1/5 1/4 1 1/4 1/2 2
G 1/3 1/2 1 4 1 2 5

FibC 1/4 1/3 1/3 2 1/3 1 2
FibNi 1/7 1/7 1/9 1/2 1/9 1/5 1

Inconsistency 0.0158.

Table A13. Fossil depletion criteria.

PA20 PA0 C A4 G FibC FibNi

PA20 1 2 2 7 3 9 9
PA0 1/2 1 1 6 2 7 7

C 1/2 1 1 6 2 7 7
A4 1/7 1/6 1/6 1 1/4 2 2
G 1/3 1/2 1/2 4 1 5 5

FibC 1/9 1/7 1/7 1/2 1/7 1 1
FibNi 1/9 1/7 1/7 1 1/7 1 1

Inconsistency 0.0165.

Table A14. Storage efficiency criteria.

PA20 PA0 C A4 G FibC FibNi

PA20 1 1/4 3 1/6 1/2 1/4 1/3
PA0 4 1 8 1/2 3 1 2

C 1/3 1/8 1 1/9 1/4 1/8 1/6
A4 6 2 9 1 4 2 3
G 2 1/3 4 1/4 1 1/3 1/2

FibC 4 1 8 1/2 3 1 2
FibNi 3 1/2 6 1/3 2 1/2 1

Inconsistency 0.01567.

Table A15. ΔTeff.

PA20 PA0 C A4 G FibC FibNi

PA20 1 1/4 2 1/4 1/2 1/3 1
PA0 4 1 7 1 3 2 4

C 1/2 1/7 1 1/7 1/4 1/5 1/2
A4 4 1 7 1 3 2 4
G 2 1/3 4 1/3 1 1/2 2

FibC 3 1/2 5 1/2 2 1 3
FibNi 1 1/4 2 1/4 1/2 1/3 1

Inconsistency 0.0035.

Table A16. LCA criteria.

Climate
Change

Ozone
Depletion

Particulate
Matter

Photochemical
Oxidant

Formation

Marine
Ecotoxicity

Fossil
Depletion

Climate change 1 3 4 4 5 2
ozone depletion 1/3 1 2 2 3 1/2

particulate matter 1/4 1/2 1 1 2 1/3
Photochemical oxidant formation 1/4 1/2 1 1 2 1/3

Marine ecotoxicity 1/5 1/3 1/2 1/2 1 1
4

Fossil depletion 1/2 2 3 3 4 1

Inconsistency 0.01151.
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Table A17. Thermal performance criteria.

Storage Efficiency ΔTeff

Storage efficiency 1 3
ΔTeff 1/3 1

Table A18. Local normalized priority.

Climate
Change

Ozone
Depletion

Particulate
Matter

Photochemical
Oxidant

Formation

Marine
Ecotoxicity

Fossil
Depletion

Storage
Efficiency

ΔTeff

A4 0.04 0.03 0.04 0.06 0.03 0.04 0.32 0.29
C 0.16 0.35 0.28 0.26 0.21 0.31 0.02 0.03

FibC 0.05 0.02 0.06 0.09 0.07 0.03 0.20 0.17
FibNi 0.03 0.04 0.02 0.02 0.03 0.03 0.12 0.06

G 0.24 0.24 0.28 0.26 0.13 0.20 0.08 0.10
PA20 0.36 0.15 0.16 0.15 0.33 0.20 0.05 0.06
PA0 0.13 0.15 0.16 0.15 0.21 0.20 0.20 0.30

Table A19. Global results for the three different scenarios from Super-decisions analysis.

LCA: Thermal Performance 50:50

Name Ideals Normals Raw
A4 0.87 0.17 0.06
C 0.70 0.14 0.05

FibC 0.63 0.12 0.04
FibNi 0.38 0.07 0.02

G 0.82 0.16 0.05
PA20 0.79 0.15 0.05
PA0 1.00 0.19 0.06

LCA: Thermal Performance 80:20

Name Ideals Normals Raw
A4 0.42 0.09 0.03
C 0.93 0.20 0.07

FibC 0.36 0.08 0.03
FibNi 0.22 0.05 0.02

G 0.93 0.20 0.07
PA20 1.00 0.21 0.07
PA0 0.82 0.17 0.06

LCA: Thermal Performance 20:80

Name Ideals Normals Raw
A4 1.00 0.24 0.08
C 0.28 0.07 0.02

FibC 0.68 0.17 0.06
FibNi 0.41 0.10 0.03

G 0.47 0.11 0.04
PA20 0.37 0.09 0.03
PA0 0.87 0.21 0.07
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Abstract: Extruded polystyrene (XPS) is a thermal insulation material extensively applied in building
systems. It has attracted much attention because of outstanding thermal insulation performance,
obvious flammability shortcoming and potential energy utilization. To establish the reaction
mechanism of XPS’s pyrolysis, thermogravimetric experiments were performed at different heating
rates in nitrogen, and multiple methods were employed to analyze the major kinetics of pyrolysis.
More accurate kinetic parameters of XPS were estimated by four common model-free methods. Then,
three model-fitting methods (including the Coats-Redfern, the iterative procedure and masterplots
method) were used to establish the kinetic model. Since the kinetic models established by the above
three model-fitting methods were not completely consistent based on different approximations,
considering the effect of different approximates on the model, the reaction mechanism was further
established by comparing the conversion rate based on the model-fitting methods corresponding
to the possible reaction mechanisms. Finally, the accuracy of the above model-fitting methods and
Particle Swarm Optimization (PSO) algorithm were compared. Results showed that the reaction
function g(α) = (1 − α)−1 − 1 might be the most suitable to characterize the pyrolysis of XPS.
The conversion rate calculated by masterplots and PSO methods could provide the best agreement
with the experimental data.

Keywords: extruded polystyrene; pyrolysis; kinetic model; thermal degradation; reaction mechanism

1. Introduction

Energy has played a significant role in promoting economic growth. However, the current global
energy problem is already one of the main problems restricting sustainable development [1]. Besides,
the issue of energy consumption in buildings is increasingly prominent, and buildings account for more
than 30% of global energy consumption [2]. Therefore, many countries are committed to improving
energy efficiency, especially in buildings [3]. Therein, the thermal insulation material is one of the most
effective approaches to economize energy [4]. Currently, organic polymer foam insulation board [5],
such as extruded polystyrene (XPS), is extensively applied as insulation material in building insulation
systems due to its outstanding performance, such as low thermal conductivity, lightweight and so
on [6].

However, due to the low thermal stability, XPS is easily affected by high temperature and intense
solar radiation [7], which damages the characteristics of XPS. In addition, XPS is flammable, more and
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more building fires can be attributed to XPS, such as Grenfell Tower [8]. The severity of the fire is related
to the spread speed, and one of the main reasons for the rapid spread is that the insulation material
is easy to ignite, and the degradation products containing gaseous fuel contribute to combustion [9],
such as styrene monomer and oligomers [10]. Since pyrolysis is a key component in the combustion
process, so it is imperative to study the thermal decomposition characteristic of XPS for predicting
the growth of fire [11]. On the other hand, because of the large amount of XPS waste, the issue of
disposal of the waste is becoming increasingly urgent [12]. However, improper processing of waste
could lead to a series of problems, such as waste of resources [13], environmental contamination [14],
fire hazard [15] and so on. Among the commonly-used methods of solid waste treatment, pyrolysis
is expected to be a meaningful energy conversion method that can convert solid waste into fuel [16]
and recover useful chemicals [17]. What is more, pyrolysis plays an important role in waste plastics
for energy recovery [18,19]. Especially, valuable feedstock and fuel are obtained from the pyrolytic
process of waste plastics [20,21]. In recent years, the thermal degradation of solid waste has attracted
increasing attention owing to the potential to substitute traditional fossil fuels [22].

As discussed above, the knowledge of pyrolysis characteristics of XPS not only is closely related to
the fire risk but also facilitates the recycling of XPS waste. There have been many studies on the pyrolysis
characteristics of XPS. Jiao et al. [23,24] investigated the pyrolysis of XPS with expanded polystyrene
and polyurethane foam and further studied its pyrolysis characteristics in different environments.
Jiang et al. [25] studied the pyrolysis behavior of XPS waste to obtain the kinetic model and reconstruct
the function of the model. As a result of these studies, the pyrolysis characteristics of XPS can be
further understood.

In addition, many researchers pointed out that different approximations used in the calculation
of kinetic parameters would affect their accuracy, which brought errors in the reaction mechanism.
For example, Farjas et al. [26] noted that the accuracy of the integral isoconversional method was linked
to approximations. Vyazovkin et al. [27] also indicated that an error occurred in the calculation of the
activation energy because of approximations. However, the reaction mechanism of XPS’s pyrolysis
is commonly established by coupling the model-free and model-fitting methods [25], which rarely
considers the influence of the approximations. Therefore, the purpose of this study is to establish the
reaction mechanism of XPS’s pyrolysis by multiple methods while considering approximations and find
which method can reflect the reaction process with the highest accuracy. Besides, the accurate pyrolysis
kinetics of XPS can be used for large-scale fire simulations, such as the Fire Propagation Apparatus [28]
and Cone Calorimetry [29]. Furthermore, they contribute to guiding the reactor design [30].

In the current study, thermogravimetric experiments were performed to obtain the pyrolysis
characteristics of XPS in nitrogen. More accurate kinetic parameters were estimated by multiple
typical model-free methods (such as Flynn–Wall–Ozawa, Starink, Distributed Activation Energy Model
and Tang method). Then, model-fitting methods (including Coats–Redfern, the iterative procedure,
and masterplots method) were used to establish the kinetic model of XPS. Considering the effect
of the approximations on the model, the pyrolysis reaction mechanism was further established by
comparing the conversion rate based on the model-fitting methods corresponding to the possible
reaction mechanisms. Finally, the accuracy of the above model-fitting methods and Particle Swarm
Optimization (PSO) algorithm were compared.

2. Materials and Methods

2.1. Materials

The XPS employed in this study was milled to powder and then put into an oven to lower the
water content before testing. The element analysis was performed by Vario EL cube. The results
showed that elements C, H, N and S on a dry basis were 71.60%, 6.43%, 1.24% and 0.918%, respectively.
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2.2. Thermogravimetric Measurements

Thermogravimetry experiments were conducted by TA Instruments on SDT Q600 (New Castle,
DE, USA). The 6 mg sample was evenly placed in an aluminum oxide crucible during the experimental
temperature 300–1000 K. Nitrogen was a purge gas, and its flow rate was 100 mL/min. In order to be
close to the heating rates of real fires, the heating rates of 5 K/min, 20 K/min, 40 K/min, 60 K/min and
80 K/min were selected.

2.3. Pyrolysis Kinetics

Thermogravimetry provides an ideal environment for the degradation of the small solid sample
in which the atmosphere and heating rates can be well controlled [31]. The solid reaction rate during
the decomposition can be written as

dα
dt

= k(T) f (α) (1)

where f (α) denotes the differential function. t is time, α represents conversion rate, and k(T) denotes a
constant with temperature T. α and k(T) can be defined as follows:

α =
m0 −mt

m0 −m∞
(2)

k(T) = A exp
(−Ea

RT

)
(3)

Three types of m (m0, mt and m∞) stand for initial, transient and final mass, respectively.
Ea represents activation energy, A refers to the pre-exponential factor, and R means the universal
gas constant.

Considering the linear relationship between temperature and the heating rate (β), β = dT/dt,
the reaction rate can be substituted as

dα
dT

=
A
β

f (α) exp
(−Ea

RT

)
(4)

Then the integral function g(α) is expressed as

g(α) =
∫ α

0

dα
f (α)

=
A
β

∫ T

T0

exp−(
Ea
RT )dT ≈ AEa

βR
P(x) (5)

where x = Ea/RT. P(x) indicates the temperature integral. There are many approximations of P(x)
introduced in the literature [26], and they can be represented as

P(x) ≈ exp(−1.0518x− 5.330) (6)

P(x) �
exp(−1.0008x− 0.312)

x1.92
(7)

− ln(P(x)) ≈ 0.377739 + 1.894661 ln x + 1.00145x (8)

P(x) ≈ exp(−x)
x2

(
x5 + 40x4 + 552x3 + 3168x2 + 7092x + 4320

x6 + 42x5 + 630x4 + 4200x3 + 12,600x2 + 15,120x + 5040

)
(9)

P(x) =
exp(−x)

x2 ×
(
1 +

2!
−x

)
(10)

2.4. Methods

Model-free and model-fitting methods are common methods for analyzing kinetics. For the
model-free methods, the advantage is that the activation energy can still be calculated when the
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reaction mechanism is not known [32], while the model-fitting methods can determine the reaction
mechanism and obtain a set of corresponding kinetic parameters based on the reaction mechanism [25].
Common solid reaction mechanisms are listed in Table 1.

Table 1. Common solid reaction mechanisms [33,34].

No. g(α) f (α) Rate-Determining Model

1 1 − (1 − α)2/3 3/2(1 − α)1/3 Chemical Reaction
2 1 − (1 − α)1/4 4(1 − α)3/4 Chemical Reaction
3 (1 − α)−1/2 − 1 2(1 − α)3/2 Chemical Reaction
4 (1 − α)−1 − 1 (1 − α)2 Chemical Reaction
5 (1 − α)−2 − 1 1/2(1 − α)3 Chemical Reaction
6 α3/2 2/3α−1/2 Nucleation
7 −ln(1 − α) 1 − α First Order, n = 1
8 [−ln(1 − α)]2/3 3/2(1 − α)[−ln(1 − α)]1/3 Avrami–Erofeev
9 [−ln(1 − α)]1/2 2(1 − α)[−ln(1 − α)]1/2 Avrami–Erofeev
10 α 1 Contracting Disk
11 1 − (1 − α)1/2 2(1 − α)1/2 Contracting Cylinder
12 1 − (1 − α)1/3 3(1 − α)2/3 Contracting Sphere
13 α2 1/2α 1-D Diffusion
14 α + (1 − α)ln(1 − α) [−ln(1 − α)]−1 2-D Diffusion
15 [1 − (1 − α)1/3]2 (3/2)(1 − α)2/3[1 − (1 − α)−1/3]−1 3-D Diffusion
16 1 − 2α/3 − (1 − α)2/3 (3/2)[(1 − α)−1/3 − 1]−1 3-D Diffusion
17 [(1 + α)1/3 − 1]2 (3/2)(1 + α)2/3[(1 + α)1/3 − 1]−1 3-D Diffusion
18 1 + 2α/3 − (1+α)2/3 (3/2)[(1 + α)−1/3 − 1]−1 3-D Diffusion
19 [(1 + α)−1/3 − 1]2 (3/2)(1 + α)4/3[(1 + α)−1/3 − 1]−1 3-D Diffusion

2.4.1. Model-Free Methods

Two forms of model-free methods, namely differential and integral conversion methods, are widely
employed [31]. However, Vyazovkin et al. [31] noted that the differential methods were not more
accurate than the integral methods. Therefore, in the current study, the integral isoconversional methods
are applied. These integral isoconversional methods are different depending on the approximations.

Flynn–Wall–Ozawa Method (FWO)

The FWO method [35,36] estimate Ea by the slope of the linear plot of lnβ versus 1/T. The equation
can be written as Equation (11) based on the approximation of Equation (6).

ln β = ln
(

AEa

Rg(α)

)
− 5.331− 1.052

( Ea

RT

)
(11)

Starink Method

Similar to the FWO method, the Starink [37] method is also employed to calculate the Ea by the
slope (lnβ/T1.92 versus 1/T). The equation based on Equation (7) can be expressed as

ln
β

T1.92
= ln

(
AEa

Rg(α)

)
− 0.312− 1.0008

( Ea

RT

)
(12)

Tang Method

Besides, the Tang [38] method adopts Equation (8), which can be expressed as Equation (13) to
estimate the Ea by the slope of lnβ/T1.894661 versus 1/T.

ln
β

T1.894661
= ln

(
AEa

Rg(α)

)
+3.635041− 1.89466 lnEa − 1.00145

( Ea

RT

)
(13)
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Distributed Activation Energy Model Method (DAEM)

The DAEM method is an extensively accepted method to calculate the pyrolysis kinetics of
complex materials [39]. Its simplified function is presented in Equation (14) based on Equation (9) [40].

ln
β

T2 = ln
(AR

Ea

)
+ 0.6075− Ea

RT
(14)

As shown in Equation (14), both Ea and lnA can be obtained from the slope and intercept by
plotting lnβ/T2 versus 1/T.

2.4.2. Model-Fitting Methods

The model-fitting methods match the theoretical kinetic models according to the thermogravimetric
experimental data, and the corresponding model is determined as the kinetic model of solid when the
theoretical value of the kinetic parameters is best fitted with the experimental value [41]. The common
model-fitting methods contain the Coats–Redfern method (CR), the iterative procedure and masterplots
method and so on. Especially, Ding et al. obtained the woody biomass pyrolysis kinetic model through
the optimization algorithms, such as Shuffled Complex Evolution (SCE) [42], PSO [43] and Genetic
Algorithm method [44]. Therefore, from the perspective of establishing the kinetic model, optimization
algorithms can also be considered as a model-fitting method [43].

Coats–Redfern Method

The CR method [45] is one of the most commonly-used model-fitting methods, and the equation
can be expressed as Equation (15) using the approximation of Equation (10).

ln
g(α)
T2 = ln

(
AR
βEa

)
− Ea

RT
(15)

Kinetic parameters (Ea and lnA) corresponding to each reaction function g(α) are obtained by the
plot of ln(g(α)/T2) versus 1/T.

The Iterative Procedure

In addition, the iterative procedure [46] is also applied to determine the solid kinetic model.
The expression of the iterative procedure method, namely g(α) function is written as

ln(g(α)) =
(
ln

(AEa

R

)
+ ln(P(x))

)
− ln β (16)

If the kinetic model can reflect the solid pyrolysis process appropriately, there is a linear relationship
between ln(g(α)) versus lnβ, and the slope should be close to −1, and the linear correlation coefficient
R2 is higher [47]. The P(x) applies to the approximation of Equation (9).

Masterplots Method

Masterplots method [48] is obtained by taking α = 0.5 into Equation (5), and it is expressed by the
following equation:

g(α)
g(0.5)

=
P(x)

P(x0.5)
(17)

where x0.5 = Ea/RT0.5. To quantify the application of Equation (17), statistics number F for estimating
the fitness of each model is applied, as shown in Equations (18) and (19) [25].

S2
j =

1
n− 1

n∑
i=1

(
Pi

P0.5
− gj(αi)

gj0.5

)2

(18)
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Fj =
S2

j

S2
min

(19)

where i and j are conversion rate and heating rate, respectively. If F = 1 for each heating rate of the
model, the model is regarded as a kinetic model of solid pyrolysis.

2.4.3. Particle Swarm Optimization Method

The optimization algorithms have been employed to optimize kinetic parameters due to high
efficiency and good accuracy, especially the reaction mechanism established reflects the process of
solid pyrolysis when the kinetic parameters are globally optimal [29,49]. The fitness value of PSO can
be obtained from the following formulas:

φ = φα + φdα/dt (20)

φα =
N∑

j=1

⎡⎢⎢⎢⎢⎢⎢⎢⎣wα, j

∑n
k=1

(
αmod,k − αexp,k

)2

∑n
k=1

(
αexp,k − 1

n
∑n

p=1 αexp,p
)2

⎤⎥⎥⎥⎥⎥⎥⎥⎦ (21)

φdα/dt =
N∑

j=1

⎡⎢⎢⎢⎢⎢⎢⎢⎣wdα/dt, j

∑n
k=1

(
dα/dtmod,k − dα/dtexp,k

)2

∑n
k=1

(
dα/dtexp,k − 1

n
∑n

p=1 dα/dtexp,p
)2

⎤⎥⎥⎥⎥⎥⎥⎥⎦ (22)

where Φ refers to the objective value. α and dα/dt denote the cumulative values of conversion rate
and reaction rate, respectively. N and n indicate the number of experiments and experimental data
points, respectively. w presents the weighted value. Subscript mod and exp are calculated values from
simulations and experiments.

Suppose to search in the D-dimensional space of n particles, the position and velocity vectors of the
ith particle are expressed as xi = (xi1, xi2, . . . , xiN) and vi = (vi1, vi2, . . . , viN), respectively. The particle
update can be obtained by the following equations:

vk+1
id = wvk

id + c1r1
(
pid − xk

id

)
+ c2r2

(
pgd − xk

id

)
(23)

xk+1
id = xk

id + vk+1
id (24)

where i and k are the number of particle and iteration, respectively. d indicates the search direction. pid
and pgd are the optimal personal position and the global position, respectively. c1 and c2 are constants
of positive acceleration that represent the individual and global properties of the swarm. r1 and r2 are
random numbers from 0 to 1.

3. Results and Discussion

3.1. Thermogravimetric Analysis

Figure 1 illustrates the derivative mass loss (DTG) and conversion rate profiles of degradation
processes of XPS at different heating rates.

As shown in Figure 1, the movement of the DTG and conversion rate curves is related to the
heating rates. As the heating rate increases, the reaction range is gradually delayed to a higher
temperature to complete the reaction. For example, the peak temperatures TP of the DTG curves at
five heating rates are 681 K, 707 K, 721 K, 731 K and 737 K. In addition, the initial decomposition
temperature of XPS is 575–625 K, and the final temperature is 750–825 K, and the reaction temperature
range is about 175 K. Moreover, Jun et al. [50] introduced a classic method called Coats–Redfern to
calculate the kinetic parameters of expandable polystyrene and suggested that if there was just one
peak in the DTG curve, it indicated that one kind of reaction occurred. Since each DTG curve has only
one peak, the pyrolysis of XPS in nitrogen is a one-step reaction.
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Figure 1. The (a) derivative mass loss (DTG) and (b) conversion rate profiles of degradation processes
of extruded polystyrene (XPS) at different heating rates.

3.2. Kinetic Analysis by the Model-Free Methods

The activation energy Ea calculated based on the FWO, DAEM, Starink and Tang methods is
shown in Table 2. It is noted that the Ea of Jiang et al. [12] and Jiao et al. [24] is obtained by the
Kissinger–Akahira–Sunose (KAS) method. There are some reasons why the KAS method is not chosen
to calculate the Ea in this study, but the Ea obtained by KAS in References [12,24] is compared. The Ea

can be obtained by the slope of the linear relationship between the heating rate β and temperature
T. For the KAS method, Ea is obtained through the slop of ln(β/T2) and 1/T. However, it is the same
as the value of the DAEM method. Since the DAEM method has some advantages [38], the DAEM
rather than KAS is used to estimate the Ea in the current study. For Reference [12], FWO and KAS
methods were applied to estimate the kinetics of XPS. However, the FWO method is slightly inaccurate
compared with other model-free methods [31]. Furthermore, the Ea calculated from the FWO method
is larger than that calculated by KAS and Starink [13]. In this study, the Ea is also a little larger than
that of DAEM, Starink and Tang methods. Besides, the Ea was only calculated by the KAS method
in Reference [24]. Therefore, the calculated results obtained by the KAS method in the literature
are compared.

Table 2 shows that by comparing References [12,24], there will be a difference in Ea. There are
many factors that affect the calculated values of kinetics, such as raw material source, heating rates,
temperature, gas flow and so on [51,52]. Jiang et al. [12] selected four heating rates (5 ◦C/min, 10 ◦C/min,
15 ◦C/min and 20 ◦C/min) and conducted the thermogravimetric analysis with a gas flow of 20 mL/min
in nitrogen. Furthermore, the sample weighed about 6 mg, and it was cut to powder and heated up to
800 ◦C. In the test of Jiao et al. [24], 4 mg particulate sample was heated to 700 ◦C with four heating
rates (5 K/min, 10 K/min, 20 K/min and 30 K/min), and the flow rate of nitrogen was 75 mL/min. In this
study, the 6 mg powdered sample was tested at heating rates (5 K/min, 20 K/min, 40 K/min, 60 K/min
and 80 K/min), and the temperature was 300–1000 K, and the flow rate of nitrogen was 100 mL/min.
It is noted that the calculated values of the literature are only used to compare with calculated results
of this study, and they are not the boundaries of the range.

It can also be seen from Table 2 that the Ea maintains constant, and the average Ea is 200.4 kJ/mol
(average of four methods). Furthermore, researchers [53,54] noted that if the deviation between the
maximum and minimum Ea was less than 20–30% of the average Ea, then the Ea was independent of α.
Table 2 shows that the calculated values by four methods are less than 20% of the average Ea, so the
pyrolysis of XPS is a one-step reaction in nitrogen, which is also proved by Figure 1.
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Table 2. The Ea is calculated by four methods based upon thermogravimetric data.

α
Ea (kJ/mol)

FWO DAEM Starink Tang Jiao et al. [24] Jiang et al. [12]

0.1 180.9 179.4 176.7 178.5 147.4 368
0.2 212.1 211.7 212.0 210.7 164.6 298
0.3 211.5 211.0 211.3 208.4 165.0 277
0.4 205.4 204.4 204.7 203.8 164.1 270
0.5 201.2 199.9 200.2 199.4 163.3 270
0.6 197.3 195.6 196.0 196.0 161.8 263
0.7 195.6 193.7 194.0 194.0 161.1 256
0.8 208.1 206.7 207.0 207.0 164.1 253

Average 201.5 200.3 200.2 199.7 161.4 281.9
Value a 15.5% 16.1% 17.6% 16.1% 10.9% 40.8%

a The value is the deviation between the maximum and minimum Ea and the average Ea percentage [53,54].

3.3. Establishment of Reaction Mechanisms

In this study, the calculated Ea of the CR method at different heating rates is illustrated in Table 3.
Then, it compares with that previously obtained Ea using the four model-free methods. The pyrolysis
reaction mechanism of XPS should be established when the average Ea of the kinetic model based on
the CR method is the closest to that of model-free methods [32].

Table 3. Calculation values of Ea for the CR method.

No. g(α)
Ea (kJ/mol)

5 K/min 20 K/min 40 K/min 60 K/min 80 K/min Average

1 1 − (1 − α)2/3 111.2 121.5 120.1 122.4 114.5 117.9
2 1 − (1 − α)1/4 125.3 136.9 135.4 138.2 129.5 133.1
3 (1 − α)−1/2 − 1 155.1 169.2 167.7 171.4 161.0 164.9
4 (1 − α)−1 − 1 178.0 194.1 192.5 196.9 185.2 189.3
5 (1 − α)−2 − 1 230.1 250.7 249.1 255.2 240.5 245.1
6 α3/2 157.2 171.5 169.5 172.6 161.8 166.5
7 −ln(1 − α) 134.6 147.0 145.5 148.5 139.4 143.0
8 [−ln(1 − α)]2/3 86.0 94.1 93.1 95.0 88.9 91.4
9 [−ln(1 − α)]1/2 61.7 67.7 66.8 68.3 63.63 65.6
10 α 101.1 110.5 109.1 111.1 103.8 107.1
11 1 − (1 − α)1/2 116.6 127.4 126.0 128.5 120.8 123.9
12 1 − (1 − α)1/3 122.4 133.7 132.2 134.8 126.4 129.9
13 α2 213.3 232.6 229.9 234.1 219.7 225.9
14 α + (1 − α)ln(1 − α) 232.7 253.7 251.0 255.7 240.2 246.7
15 [1 − (1 − α)1/3]2 255.9 278.9 276.2 281.7 264.8 271.5
16 1 − 2α/3 − (1 − α)2/3 240.3 262.0 259.3 264.3 248.4 254.9
17 [(1 + α)1/3 − 1]2 193.9 211.4 208.9 212.6 199.3 205.2
18 1 + 2α/3 − (1 + α)2/3 200.1 218.2 215.6 219.5 205.9 210.0
19 [(1 + α)−1/3 − 1]2 175.8 191.8 189.3 192.5 180.4 186.0

Table 3 shows that the values of Ea of four reaction models are closest to 200.4 kJ/mol, and their
models are No. 4 (189.3 kJ/mol), No. 17 (205.2 kJ/mol), No. 18 (210.0 kJ/mol) and No. 19 (186.0 kJ/mol),
respectively. Jiang et al. [25] established a pyrolysis reaction function g(α) = −ln(1 − α) of XPS in
nitrogen. However, the Ea of this reaction function is 143.0 kJ/mol by the CR method in this study,
and the difference is large, which indicates reaction function g(α) = −ln(1 − α) is not applicable to the
current study.

Since the Ea is estimated through the model-free methods and the CR method in different
approximations [55], and the difference corresponding to these models is very small (11.1 kJ/mol,
4.8 kJ/mol, 9.6 kJ/mol and 14.4 kJ/mol), so it cannot 100 percent determine the kinetic model of XPS in
nitrogen. To improve accuracy, masterplots and the iterative procedure methods are also applied to
determine possible kinetic models. The calculation results of the two methods are listed in Table 4.
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As presented in Table 4, the model of No. 18 is the best by masterplots method. However, the model of
No. 4 is the best by the iterative procedure method.

Table 4. Reaction mechanisms are determined by masterplots and the iterative procedure methods.

No. g(α)
Masterplots ln(g(α)) vs. lnβ

5 K/min 20 K/min 40 K/min 60 K/min 80 K/min Slope R2

1 1 − (1 − α)2/3 3.96 5.14 1.51 4.11 9.46 0.639 0.992
2 1 − (1 − α)1/4 1.54 2.78 1.24 2.29 4.25 0.717 0.995
3 (1 − α)−1/2 − 1 11.64 0.19 0.61 0.04 1.13 0.877 0.995
4 (1 − α)−1 − 1 102.66 4.37 0.18 2.61 17.48 0.999 0.992
5 (1 − α)−2 − 1 1335.39 87.80 0.98 61.10 271.06 1.277 0.981
6 α3/2 11.61 2.78 1.26 2.38 4.33 0.876 0.988
7 −ln(1 − α) 4.18 1.47 1.05 1.24 1.70 0.767 0.996
8 [−ln(1 − α)]2/3 40.12 5.94 1.57 4.63 11.30 0.511 0.996
9 [−ln(1 − α)]1/2 69.58 8.91 1.82 6.82 18.38 0.384 0.996

10 α 48.30 6.93 1.69 5.47 13.64 0.584 0.988
11 1 − (1 − α)1/2 23.50 4.19 1.41 3.39 7.32 0.669 0.994
12 1 − (1 − α)1/3 15.82 3.24 1.30 2.65 5.24 0.701 0.995
13 α2 0.63 0.299 0.83 0.40 0.15 1.167 0.988
14 α + (1 − α)ln(1 − α) 21.53 0.31 0.50 0.17 2.78 1.274 0.992
15 [1 − (1 − α)1/3]2 121.99 5.37 0.14 3.41 21.38 1.401 0.995
16 1 − 2α/3 − (1 − α)2/3 43.19 1.17 0.37 0.67 6.53 1.316 0.993
17 [(1+α)1/3 − 1]2 2.92 1.44 1.08 1.35 1.75 1.059 0.984
18 1 + 2α/3 − (1+α)2/3 1 1 1 1 1 1.094 0.985
19 [(1 + α)−1/3 − 1]2 13.17 3.00 1.30 2.58 4.84 0.959 0.979

To establish a suitable reaction mechanism, “kinetic compensation effects (KCE)” is generally
accepted [56]. If the model is proper, good linear relation occurs between Ea and ln A, as expressed in
Equation (25).

ln A = a + bEa (25)

The KCE of the four models is shown in Figure 2. It shows that the linear relationship for
g(α) = 1 + 2α/3 − (1 + α)2/3 is not suitable. It also shows that other models are suitable, and the linear
relationships are expressed as lnA = 0.184Ea − 6.94 (No. 4 model, R2 = 0.995), lnA = 0.148Ea − 3.69
(No. 17 model, R2 = 0.971), lnA = 0.153Ea − 5.24 (No. 19 model, R2 = 0.989). Jiang et al. [25] noted that
the kinetic model corresponding to the highest R2 did not mean that it was the real reaction model.
Therefore, the three models mentioned above are most possibly the pyrolysis kinetic models of EPS
in nitrogen.

 

g(α)=(1-α)-1-1
g(α)=[(1+α)1/3-1]2

g(α)=1+2α/3-(1+α)2/3

g(α)=[(1+α)-1/3-1]2

A 
(

S-1
)

Ea

Figure 2. The plot of lnA versus Ea.

If the reaction mechanism of XPS’s pyrolysis is selected correctly, the reaction parameters can be
in good agreement with experimental data throughout the pyrolysis process [57]. Thus, the conversion
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rate α of the theoretical value is fitted to the experimental data. The theoretical α of three reaction
models can be estimated by model-fitting methods. The comparison of experimental and theoretical α
at 40 and 80 K/min is shown in Figure 3.

 

α

g(α)=(1-α)-1-1
g(α)=[(1+α)1/3-1]2

g(α)=[(1+α)-1/3-1]2

α

g(α)=(1-α)-1-1
g(α)=[(1+α)1/3-1]2

g(α)=[(1+α)-1/3-1]2

Figure 3. The experimental and theoretical α in the cases of (a) 40 K/min and (b) 80 K/min.

Figure 3 shows that among the three possible reaction mechanisms, the α corresponding to the
No. 4 model obtained by the masterplots method has a good consistency with the experimental value
throughout the experiment. The α of the No. 17 model partially fits the experimental value in the
masterplots method, but the deviation is larger. As for the No. 19 model, the deviation is the largest,
and the value of α is negative, so it is not shown in Figure 3. Therefore, the reaction function of XPS in
nitrogen is g(α) = (1 − α)−1 − 1.

It is noted that the XPS products are various, and the properties may be different. Therefore,
the reaction mechanism determined as the most suitable may not completely use on the results from
research shown in the literature [12,24]. For example, although this paper and Jiang et al. [25] have
both studied the pyrolysis characteristics of XPS, the reaction function of Jiang et al. [25] was not
suitable for this study.

3.4. Comparison of Multiple Kinetic Methods

There are many methods to obtain the kinetic model of solid state. To obtain a more accurate
analysis, it is necessary to compare multiple kinetic methods. As shown in Figure 4, the α of CR,
the iterative procedure, masterplots and PSO methods is compared with the experimental value in the
cases of 20, 40, 60 and 80 K/min.

Vyazovkin et al. [31] noted that the kinetic model mainly consisted of three forms by reaction
profiles (α vs. T), including sigmoidal form, decelerating form and accelerating form. As presented in
Figure 4, the reaction temperature range corresponding to the heating rate is different, but the trend
of change is consistent. The α of the masterplots and PSO methods is basically consistent with the
experimental value in the process of pyrolysis. The model is a decelerating model [58]. Besides, through
the comparison between the masterplots method and the PSO method, it is found that their agreement
with the experimental value varies slightly with the heating rates. For 20 and 40 K/min, the α calculated
by the PSO method matches the experimental value better than that calculated by the masterplots
method. However, for 60 and 80 K/min, the accuracy of the calculated value of the masterplots method
is better than the PSO method. Although the CR method and the iterative procedure method are
widely applied, the real pyrolysis process of XPS is not shown by them. The trend of the calculation
results of the CR method is mostly accelerating, but Figure 4c is decelerating. Besides, the iterative
procedure method has a larger deviation.
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Figure 4. The α of CR, the iterative procedure, masterplots and PSO methods are compared with
experimental data, (a) 20 K/min, (b) 40 K/min, (c) 60 K/min, (d) 80 K/min.

4. Conclusions

To study whether approximations affect the accuracy when establishing the reaction mechanism
of XPS’s pyrolysis, which method can reflect the reaction process and have the highest accuracy
among the multiple methods, the kinetic model of XPS pyrolysis was investigated from 5 K/min to
80 K/min in this study. Four model-free methods (such as FWO, DAEM, Starink and Tang method)
were employed to calculate the more accurate kinetic parameters, and four kinetic methods (including
CR, the iterative procedure, masterplots and PSO) were applied to estimate the conversion rate with
the comparison of experimental data. The results showed that four reaction mechanisms were close
if only the activation energy between model-free methods and the CR method is compared. What
is more, the reaction mechanisms of XPS’s pyrolysis established via multiple kinetic methods were
different. Therein, the reaction function g(α) = (1 − α)−1 − 1 might be the most suitable to characterize
the pyrolysis of XPS in nitrogen. Furthermore, masterplots and PSO methods were more accurate than
the CR and the iterative procedure methods. The pyrolysis kinetics of XPS can be used for large-scale
fire simulations, such as the Fire Propagation Apparatus and Cone Calorimetry. Furthermore, they are
important guidance for reactor design.
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Abstract: The application of exterior insulation in both new construction and retrofits is a common
practice to enhance the energy efficiency of buildings. In addition to increased thermal performance,
the rigid insulation can serve to keep the sheathing board warm and serve as a water-resistive barrier
to keep moisture-related problems due to condensation and wind-driven rain. Polyisocyanurate (PIR)
rigid boards have a higher thermal resistance in comparison to other commonly used exterior
insulation boards. However, because of its perceived lower permeance, its use as exterior insulation
is not very common. In this study, the hygrothermal property of PIR boards with different facer
types and thicknesses is characterized. The material data obtained through experimental test and
extrapolation is used in a long term hygrothermal performance assessment of a wood frame wall with
PIR boards as exterior insulation. Results show that PIR with no facer has the smallest accumulated
moisture on the sheathing board in comparison to other insulation boards. Walls with a bigger
thickness of exterior insulation perform better when no vapor barrier is used. The PIR exterior
insulation supports the moisture control strategy well in colder climates in perfect wall scenarios,
where there is no air leakage and moisture intrusion. In cases where there is trapped moisture,
the sheathing board has a higher moisture content with PIR boards with both aluminum or fiberglass
type facers. An innovative facer material development for PIR boards can help efforts targeting
improved energy-efficient and durable wall systems.

Keywords: drying and wetting; hygrothermal performance; Polyisocyanurate board; moisture
content; thermal performance; vapor permeability
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1. Introduction

The ever-increasing demand from building codes for improved energy efficiency and society’s
increasing awareness of environmental sustainability is driving the building construction and
manufacturing industries to develop innovative solutions for durable, high-performance buildings. It is
well documented that the application of exterior insulation increases the overall thermal performance
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of new construction and retrofits [1–5]. While studying the thermal performance of a building envelope,
the moisture durability needs proper consideration as well [6,7] The moisture control performance
requires additional investigation and researchers are examining the effects of rigid insulation on the
durability of wall systems incorporating innovative materials and construction practices [8–14].

Among the commonly used insulation materials, Polyisocyanurate (PIR) is known for its higher
R-value and consequently providing an increased energy efficiency when it is compared with most
of the other foam-based insulation materials [15]. However, the building industry considers PIR as
impermeable or semi-permeable, and its application as exterior insulation is limited. Regarding material
characterization and hygrothermal performance assessment, relatively smaller research studies are
reported in comparison to the thermal performance of exterior insulation.

Burch and Desjarlais conducted a water vapor measurement test for PIR core and facer [16].
Their measurement shows that the glass-mat facers permeance varies from 600 ng/sm2.Pa (10 perm)
to 2800 ng/sm2.Pa (49 perm). A study on advanced material preparation and characterization of PIR
foams is an active research topic. Kosmela et al. have found that the addition of up to 30% by weight of
bio-polyol, instead of foams prepared solely with a petrochemical polyol, have increased the reactivity
of the polyol mixture in rigid Polyurethane-Polyisocyanurate(PUR-PIR) foams, which in turn has
enhanced the thermal performance of the rigid foam [17]. Borowiciz et al. have also found that PIR
foams modified with bio-polyol based on mustard seed oil have lowered the thermal conductivity and
water absorption [18]. Berardi and Madzarevic analyzed the aging behavior and tested the blowing
agent concentration of a PIR foam. A decrease in 11% and 85% of a blowing agent is measured from
the aged PIR foams [19].

The closed cells created during PIR manufacturing are filled with the vaporized blowing agent
during the foaming reaction [20]. To keep the blowing agent from migrating out and in return
affecting the R-value of the PIR foam, different types of facers are used during PIR production [20–23].
Mackaveckas et al. reported on the influence of different PIR facings on thermal performance.
Their findings show a significant heat loss in PIR insulation boards with aluminum facing at wall
corners [24].

The main purpose of this study is to investigate the long-term hygrothermal performance of wall
systems with PIR exterior insulation. To study the optimal use of the PIR insulation board, the thickness
and type of facer materials were varied and their performance under different scenarios: varying
moisture loads, vapor barrier applications, and different climates were investigated. Their performance
was compared with another exterior rigid insulation board, extruded polystyrene (XPS).

The material characterization for the PIR took place at BCIT’s Building Science Centre of
excellence (BSCE). The measured thermal and hygrothermal material properties include density,
thermal conductivity, heat capacity, sorption isotherm, vapor permeability, water absorption coefficient,
and porosity. The next sections of this paper discuss the experimental test, the simulation setup, results
obtained, and the conclusions based on experiment and simulation results.

2. Hygrothermal Property Characterization of PIR Foam with Different Facers

To study the long-term performance of hygrothermal simulation performance of PIR as an exterior
insulation under different climates, a hygrothermal material property characterization of three types
of PIR products is conducted: fiberglass-faced PIR, PIR with aluminum facer and an unfaced PIR
insulation. A series of laboratory measurements are carried out to characterize the hygrothermal
properties of a rigid PIR insulation board with different facing materials. The hygrothermal properties
measured are density, thermal conductivity, specific heat capacity, sorption isotherm, water vapor
permeability, water absorption coefficient, and porosity. Measurements are conducted in accordance
with the ASTM Standards [25–28]. The measurement procedures, standards used and material
characterization results are shown in the section below.

The PIR hygrothermal property characterization under different facer materials for PIR of thickness
12.7 mm (0.5 in.), 25.4 mm (1 in.) and 38.1 mm (1.5 in.) are measured through a laboratory test.
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The obtained properties are extrapolated for other thickness sizes. The measured hygrothermal
properties of PIR core insulation, PIR with fiberglass facer, and PIR with foil-faced PIR insulation are
presented below.

The density is determined from physical dimensions and oven-dry mass measurements of six
specimens for all three PIR samples, as shown in Table 1.

Table 1. Density measurement of Polyisocyanurate (PIR) board.

PIR Facer Type
Nominal Thickness mm

(in.)
Actual Thickness mm

(in.)
Density Kg/m3

Fiberglass facer
25.4 (1) 23.9 mm (15/16) 55.14 ± 0.42

12.7 (0.5) 12.2 (0.48) 104.07 ± 6.33

Aluminum facer 38.1 (1.5) 36.7 mm (1–7/16) 34.3 ± 0.51

No facer core board 38.1 (1.5) 36.7 mm (1–7/16) 27.86 ± 0.48

The thermal conductivity of the PIR core board and with foil and fiberglass facers is carried out
according to ASTM Standard C518: “Standard Test Method for Steady-State Thermal Transmission
Properties by Means of the Heat Flow Meter Apparatus “using four – 30 cm × 30 cm specimens
(average thickness 24.86 mm). The measurements are done at a temperature difference of 20 ◦C (68
◦F) and a mean temperature of 24 ◦C (75.2 ◦F). Table 2 shows the average thermal conductivity and
resistance values of the four PIR board samples for all types of facers. In addition, the maximum and
the minimum measured values are also presented in the table.

Table 2. Thermal conductivity of PIR board.

Facer Type
Specimen
Thickness

mm

Mean
Temperature

◦C

Hot Plate
Temperature

◦C

Cold Plate
Temperature

◦C

Thermal
Conductivity

W/(m·K)

Thermal
Resistance

m2·K/W
Fiberglass 24.12 ± 0.04 24.00 ± 0.03 34.01 ± 0.04 14.01 ± 0.04 0.026 ± 0.0007 0.944 ± 0.031

Aluminum facer 24.98 ± 0.02 24.02 ± 0.00 34.02 ± 0.00 14.02 ± 0.00 0.024 ± 0.0008 1.072 ± 0.038

No facer 24.86 ± 0.02 23.95 ± 0.05 33.96 ± 0.05 13.95 ± 0.05 0.023 ± 0.0008 1.076 ± 0.047

The heat capacity of the PIR for the three samples is determined using a LaserComp Fox heat
flow meter (TA instruments, New Castle, DE, USA) and WinTherm32 software (TA instruments, New
Castle, DE, USA) for analysis and determination of transient heat transfer through the specimens.
Based on four samples measurements, both volumetric heat capacity and specific heat capacity are
measured for all three types of PIR with different facers. Table 3 shows the average volumetric and
heat capacity values of PIR boards.

Table 3. Heat capacity of PIR board.

PIR Facer
Volumetric Heat Capacity

J/(m3·K)
Specific Heat Capacity

J/(kg·K)

Fiberglass facer 62943 ± 1083 1144 ± 23

Aluminum facer 49357 ± 1058 1439 ± 31

No facer 38090 ± 944 1257 ± 14

Sorption Isotherm: PIR boards with fiberglass facer and no facer are used under this study.
Because of its low permeability, the aluminum-faced PIR board is not investigated for its hygrothermal
property characterization. The equilibrium moisture contents at 50%, 70%, 80%, 90% and 95% relative
humidity (RH) conditions and saturation moisture content in 100% RH are determined according
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to ASTM Standard C1498: “Standard Test Method for Hygroscopic Sorption Isotherms of Building
Materials”. For each test point, three specimens with dimensions of 100 mm × 100 mm with a
thickness of 24 mm are used. The measurements are carried out in controlled climatic chambers
that are maintained at a constant temperature of 23 ◦C and the desired relative humidity set point.
A water immersion test is used to determine the capillary saturation moisture contents of the samples.
Table 4 shows the measured equilibrium moisture contents of PIR board specimens at different
relative humidity.

Table 4. Equilibrium moisture contents of PIR board samples.

RH, %
Moisture Content, kg/m3

Fiberglass Facer PIR No Facer PIR

50 0.48 ± 0.02 0.36 ± 0.008

70 0.63 ± 0.03 0.49 ± 0.009

80 0.72 ± 0.02 0.55 ± 0.009

90 0.94 ± 0.01 0.68 ± 0.004

95 1.05 ± 0.02 0.77 ± 0.006

100 11.30 ± 0.262 8.79 ± 0.468

The water vapor permeability of PIR insulation is determined according to ASTM Standard E-96:
“Standard Test Methods for Water Vapor Transmission of Materials”. Using climatic chambers with
wet cups and dry cups methods, the water vapor transmission rates of PIR samples are determined.
The climatic chambers are set at 50%, 70% and 90% relative humidity and 23 ◦C temperature. The dry
(0%) and wet (100%) relative humidity conditions in the test caps are provided by calcium chloride
(CaCl2) desiccant and distilled water, respectively. For each test, three circular specimens of 11.94 cm in
diameter are used as a replica. The average water vapor permeability values of PIR boards at different
mean sample relative humidity are shown in Table 5.

Table 5. Vapor permeability of PIR board.

Sample Mean
RH (%)

Chamber RH
(%)

Cup RH
(%)

Permeability kg/(s·m·Pa)

PIR with Fiberglass Facer No Facer PIR

25 50 0 9.813 × 10−13 ± 8.897 × 10−13 2.732 × 10−12 ± 1.789 × 10−13

35 70 0 1.110 × 10−12 ± 5.045 × 10−13 2.849 × 10−12 ± 1.711 × 10−13

45 90 0 1.28 × 10−12 ± 1.009 × 10−13 3.022 × 10−12 ± 1.786 × 10−13

75 50 100 1.570 × 10−12 ± 1.443 × 10−13 3.223 × 10−12 ± 1.287 × 10−13

85 70 100 2.408 × 10−12 ± 2.418 × 10−13 3.620 × 10−12 ± 1.375 × 10−13

The water absorption coefficient of the PIR samples is determined according to ASTM Standard
C1794: “Standard Test Methods for Determination of the Water Absorption Coefficient by Partial
Immersion.” Three test specimens, 100 mm × 100 mm with a thickness of 37 mm each, are used for
the measurements. The lab conditions are 33.7 ± 0.2 ◦C temperature and 39.8 ± 3% relative humidity.
Water was maintained at 20.6 ± 0.5 ◦C. The measured water absorption coefficients of the PIR are found
to be 0.0004 kg/(m2·s1/2) and 0.0007 kg/(m2·s1/2) for fiberglass facer and no facer PIR boards, respectively.

The porosity of PIR samples are obtained by determining the full saturation weight of the samples
following the water immersion test procedure. Based on these measurements of three replica specimens,
the measured porosity values of no facer and fiberglass-faced of PIR boards are 31.37 ± 1.34% and
20.51 ± 0.39%, respectively.
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Since the hygrothermal property of the PIR with fiberglass is dependent on both the hygrothermal
properties of PIR core and the facer material, a hygrothermal property of fiberglass-faced PIR and
the PIR core is measured. By subtracting the water vapor resistance of the fiberglass-faced PIR from
PIR core, the permeability of the fiberglass facer can be easily calculated. Once the independent
permeability values of the facer material and PIR core are found, the overall permeability values of the
fiberglass-faced PIR is computed. Figure 1 shows the water vapor transmission rate of fiberglass-faced
PIR and PIR core at different thicknesses.

 

Figure 1. Water vapor permeance of fiberglass-faced Polyisocyanurate (PIR).

3. Hygrothermal Simulation

To study how the facing parts of rigid PIR exterior insulation affect the hygrothermal performance
of a building envelope, two-year WUFI®simulations for a highly insulated rainscreen wall systems
are conducted. This section discusses the simulation setup, initial and boundary conditions,
simulation assumptions.

3.1. Simulation Set up

The indoor relative humidity and temperature conditions are set based on the ASHRAE standard
160 P Intermediate model. The input parameters varied to simulate the dynamic response of the wall
system in different climates, with different types and thicknesses of exterior insulations, rain infiltration,
and vapor barrier. The wall system that is considered for the study comprises the following layers
of materials:

• regular Portland Stucco as an exterior cladding;
• 19 mm ( 3

4 in.) rainscreen air gap;
• different types and thicknesses of exterior insulations;
• spun-bonded polyolefin as a sheathing membrane (as the second plane of protection from

precipitation and water intrusion);
• plywood sheathing board;
• fiberglass insulation in 2 × 6 wood frame studs;
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• 6 mm (1/4 in.) polyethylene sheet as a vapor and air barrier;
• gypsum board as an interior finishing layer

Table 6 shows the variation in simulation parameters during this modeling work. Three types
of facing options (aluminum foil, fiberglass facer, and no facer) and two insulation thicknesses (2 in.
and 4 in.) are considered in the study to evaluate the effect of PIR thickness and different facer
materials on the overall hygrothermal performance of a wall system. Even though using a PIR product
without facers is uncommon, incorporating this parameter shows how an innovative vapor-open facer
product can enhance the hygrothermal performance of an envelope. While the material properties of
the extruded polystyrene (XPS) were obtained from the WUFI® database, the properties for the PIR
insulation with different facer material properties are measured.

Table 6. Simulation parameters.

Parameter

Climate
Vancouver, BC (Zone 4C)
Winnipeg, MB (Zone 7)

Exterior insulation (type)

PIR with aluminum foil
PIR with fiberglass facing

PIR with no facing
XPS

Exterior insulation (thickness)
2 in.
4 in.

Rain infiltration

0%
0.1%
0.5%

3.2. Boundary and Initial Conditions

The indoor conditions of relative humidity and temperature are set using the ASHRAE standard
160 P intermediate model. The external surface is exposed to the weather conditions of Vancouver, BC,
to study the PIR performance with different facers and thickness under different moisture infiltration
and combined effects of vapor barrier and exterior insulation. Weather data of two North American
cities (Winnipeg, MB, Canada and Vancouver, BC, Canada) are used to study how a PIR exterior
insulation of different facers performs from a hygrothermal perspective. The initial conditions of 20 ◦C
and 80% RH are used for all wall component members and the simulation ran for two consecutive
years. WUFI’s weather data for cities of Winnipeg, MB, and Vancouver is used and a cold year data
is selected.

3.3. Modeling Assumptions

Figure 2 shows the wall assembly considered in the study. Continuity of vapor/air barrier
(polyethylene sheet) is assumed to be maintained in the modeling. Therefore, there is no airflow
through the wall system. The PIR boards with fiberglass and aluminum facers hygrothermal properties
are lumped together based on the measured values of the core and facer material. The wall system was
assumed to be with no deficiency and the layers of materials to be in perfect contact, exhibiting no
dimensional physical change with time. The material properties of the wall components other than the
PIR boards which are used in the simulation are shown in Table 7.
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Components from left to right 
1. Stucco 
2. Air gap  
3. Exterior insulation  
4. WRB 
5. Plywood 
6. Fibreglass insulation 
7. Vapor barrier 
8. Gypsum board 

Figure 2. The wall assembly.

Table 7. Material properties used for simulation.

Material
Density
(kg/m3)

Porosity
(m3/m3)

Heat Capacity
(J/kgK)

Thermal
Conductivity

(W/mK)

Diffusion
Resistance
Factor (-)

Stucco 1955.5 0.225 840 0.399 355.7
XPS 28.6 0.99 1470 0.025 170.56

Plywood 470 0.69 1880 0.084 1078.2
Spun bonded

Polyolefin
membrane

448 0.001 1500 2.4 328.4

Fiberglass 30 0.99 840 0.035 1.3

4. Hygrothermal Simulation Results and Discussions

In this section, based on the hygrothermal properties characterization of the PIR material,
the long-term performance of a wood frame wall with PIR as exterior insulation under different
thickness and facer materials for different climate zones is presented and discussed.

This section presents the results of a two-year hygrothermal assessment of four different types
of exterior insulations, namely PIR with aluminum foil; PIR with fiberglass facer, PIR with no facer
and XPS.

The effects of wind-driven rain, application of vapor barrier, different climates, and the
overall performance of wall assemblies under different types and thicknesses of exterior insulations
are presented.

4.1. Effect of Wind-Driven Rain

The Vancouver weather, a climate zone known for its heavy annual rainfall, is used to analyze
how moisture infiltrated into an interior wall system due to wind-driven rain can affect the overall
performance of a wood frame wall with exterior insulation.

Rain infiltration percentages of 0%, 0.1%, and 0.5% are assumed to reach the sheathing board
(plywood). Figures 3a, 4a and 5a show the dynamic moisture content of plywood in wall systems with
two-inch exterior insulation with different rain infiltration percentages. Similarly, Figures 3b, 4b and 5b
represent moisture content values of plywood in wall systems with four-inch exterior insulation at 0%,
0.1%, and 0.5% infiltration percentages. In all cases, constant cavity ventilation of 100 ACH is assumed.

175



Materials 2020, 13, 3373

 
(a) 

 
(b) 

Figure 3. The moisture content of plywood with 0% rain infiltration in wall systems with (a) two-inch
(b) four-inch exterior insulations.
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(a) 

 
(b) 

Figure 4. The moisture content of plywood with 0.1% rain infiltration in wall systems with (a) two-inch
(b) four-inch exterior insulations.
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(a) 

 
(b) 

Figure 5. The moisture content of plywood with 0.5% rain infiltration in wall systems with (a) two-inch
(b) four-inch exterior insulations.

In most cases, the performance ranking from the least to the most accumulation of moisture on
the plywood during the simulation period was a PIR with no facer, XPS, PIR with fiberglass facer,
and PIR with aluminum foil. In cases without rain infiltration, starting from the last quarter of the
second year, the wall with PIR exterior insulations without facer outperformed the other walls with
different exterior insulation by a bigger margin.
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In cases where the rain infiltration was not the dominant moisture source, for all wall systems and
exterior insulation types, envelope systems with four-inch insulation performed better than envelope
systems with two-inch insulation. This is because the thicker exterior insulation keeps the plywood
warmer, minimizing the potential for condensation.

The moisture content of the plywood remained at an acceptable level for all wall systems when
there is no rain infiltration. In simulation cases where 0.1% of the wind-driven rain was added in the
plywood, all wall systems, except the wall with PIR with aluminum foil insulation, remained below
the critical moisture level of 18%, for both 2 in and 4 in continuous simulation as shown in Figure 4a,b,
respectively. This result shows if the moisture infiltration is managed to an acceptable limit most foam
insulations with the exception of vapor impermeable foam insulation can be applied.

To simulate an extreme case scenario, a rain infiltration of 0.5% is assumed. As Figure 5a,b show,
most of the wall systems were subjected to very high moisture accumulation in the sheathing board.
In this case the moisture control performance of the wall systems has failed in both 2-in and 4-in
continuous insulations of the all simulated foam boards.

4.2. Combined Effects of Vapor Barrier and Exterior Insulation

Many building codes require an application of a vapor barrier to be used in building envelopes to
enhance the moisture durability of wall systems. This study examines if the PIR exterior insulation can
serve as a vapor barrier and what are the combined effects of vapor barrier and exterior insulation in
wall systems.

Figure 6a,b show the effect of the vapor barrier on the hygrothermal performance of a wall
system under different exterior insulations. Figure 6a shows when the wall includes a two-inch thick
exterior insulation, the wall systems with vapor barrier performed better in all four exterior insulation
cases. The walls with no vapor barrier and either exterior insulation of PIR with aluminum foil, PIR
with fiberglass facing, or XPS registered a high moisture content. From the wall systems with the
vapor barrier, the only wall exposed to a beyond-critical moisture content was the wall with PIR with
aluminum foil insulation.

(a) 

Figure 6. Cont.
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(b) 

Figure 6. The moisture content of plywood in wall systems with and without vapor barrier and (a)
two-inch and (b) four-inch exterior insulation thicknesses.

Figure 6b shows the insulation thickness increased from two inches to four inches for all four
types of exterior insulations. In all types of exterior insulations, the wall systems without vapor barrier
perform better than walls with a vapor barrier. This due to the thick exterior insulation facilitating a
warm condition for the plywood, discouraging condensation. The lack of a vapor barrier provides
a route for moisture from rain infiltration to dry to the inside. The plywood moisture content stays
below 18% in all wall systems without a vapor barrier.

4.3. Hygrothermal Performance of Exterior Insulations under Different Climates

This study looked at the hygrothermal performance of the exterior insulation under the different
climates of the cities of Winnipeg, MB and Vancouver, BC. These locations represent wet-coastal
and cold-dry climates, respectively. This simulation assumed 0.1% rain infiltration reaching the
plywood surface and constant air cavity ventilation of 100 ACH. Figure 7a,b show the moisture
content of plywood for the different types of exterior insulations of two-inch and four-inch thicknesses,
respectively. In all four exterior insulation cases, the plywood moisture content is lower in Winnipeg
cases than those in Vancouver. This is due to Vancouver’s higher annual rainfall. In both two-inch
and four-inch thicknesses of PIR insulation with aluminum foil, the moisture content of the plywood
exceeded 18%. As shown in Figure 7a, the maximum moisture content of the plywood in wall systems
with two-inch fiberglass-faced PIR for Winnipeg and Vancouver was 17.78% and 19.71%, respectively.
However, in the case of four-inch-thick fiberglass-faced PIR, the maximum moisture content of the
plywood for Winnipeg and Vancouver cases was 16.70% and 18.47%, respectively, as shown in Figure 7b.
The moisture content of the plywood in all wall systems with no-facer PIR insulation remained below
15% throughout the simulation period.
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(a) 

(b) 

Figure 7. The moisture content of plywood in wall systems in Winnipeg, MB and Vancouver, BC with
(a) two-inch and (b) four-inch exterior insulation thicknesses.

5. Conclusions

This study characterized the thermal and hygrothermal property of a PIR insulation with different
facers. Based on the measured material property data, the long-term hygrothermal performance
assessment of PIR insulation as rigid exterior insulation was examined. The experimental measurements
show that most properties (such as density, water permeability and sorption isotherm) vary significantly
as the thickness increases due to PIR being a composite of facer and PIR core. The material data
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presented here can be used in future modeling works to accurately simulate the hygrothermal property
of PIR board with different thicknesses and facer materials.

In addition, this study examined specific application parameters such as thickness and facer
types of the insulation core, simulations with varied rain infiltration rates, vapor barrier applications,
and climates. Results show that thicker insulation provided a better moisture control strategy because
it helped the sheathing board to stay warm. Facer materials used in the PIR insulation significantly
affected the hygrothermal performance of wall systems. The hygrothermal performance of the
PIR board PIR with unfaced insulation outperformed the XPS and the PIR Boards with aluminum
and fiberglass facers. In light of its superior thermal performance in comparison to that of most
foam insulation boards, PIR insulation with no facer or vapor-open facer material could contribute
significantly to the current demands of high-performance, durable building construction practices.
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Abstract: This work proposes a numerical procedure to simulate and optimize the thermal response
of a multilayered wallboard system for building envelopes, where each layer can be possibly made of
Phase Change Materials (PCM)-based composites to take advantage of their Thermal-Energy Storage
(TES) capacity. The simulation step consists in solving the transient heat conduction equation across
the whole wallboard using the enthalpy-based finite element method. The weather is described
in detail by the Typical Meteorological Year (TMY) of the building location. Taking the TMY
as well as the wall azimuth as inputs, EnergyPlusTM is used to define the convective boundary
conditions at the external surface of the wall. For each layer, the material is chosen from a predefined
vade mecum, including several PCM-based composites developed at the Institut für Werkstoffe im
Bauwesen of TU Darmstadt together with standard insulating materials (i.e., EPS or Rockwool). Finally,
the optimization step consists in using genetic algorithms to determine the stacking sequence of
materials across the wallboard to minimize the undesired heat loads. The current simulation-based
optimization procedure is applied to the design of envelopes for minimal undesired heat losses
and gains in two locations with considerably different weather conditions, viz. Sauce Viejo in
Argentina and Frankfurt in Germany. In general, for each location and all the considered orientations
(north, east, south and west), optimal results consist of EPS walls containing a thin layer made of the
PCM-based composite with highest TES capacity, placed near the middle of the wall and closer to the
internal surface.

Keywords: thermal-energy storage (TES); phase change materials (PCMs); multilayered walls;
building envelopes; non-linear optimization; genetic algorithms

1. Introduction

According to the International Energy Agency (IEA), the buildings and construction sector across
the world was responsible for 36% of final energy use and 39% of carbon dioxide (CO2) emissions in
2018 [1]. In Germany—and in Europe as well—buildings consume almost 40% of the total energy [2].
Far from Europe, in Argentina, a similar situation is faced: buildings are the largest energy consumers
(33% of the total energy) [3].

Engineers, scientists, and decision makers all around the world are being appealed to promote best
construction practices for using the least, cleanest, and/or most economical resources. The optimization
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of the energy efficiency in buildings plays a key role in this sense. It can be achieved by actuating on three
main building components [4]: (i) building envelope (insulation, sealing, windows, and façades) [5,6];
(ii) technical building equipment (lighting, heating, and ventilation systems) [7,8]; and (iii) sustainable
building systems (i.e., dealing with substantial aspects such as sustainable energies, automatization
operations, and efficiency-centered planning) [9–11].

In this work, we are particularly interested in building envelopes, which are of key importance
for controlling the heat loads in new buildings and/or retrofitted ones [12]. More particularly,
we are interested in the use of phase change materials (PCMs) in building envelopes, making the
so-called “energy dynamic building envelopes” [13]. These envelopes take advantage of the dynamic
synergetic interplay between the thermal conductivity and the thermal-energy storage (TES) capacity
of their components.

PCMs can be directly added to construction materials of building envelopes as microencapsulated
PCMs [14,15] or raw PCMs into carriers (e.g., impregnated gypsum boards [16] or porous aggregates [17]).
Building envelopes can also contain macro-encapsulated PCMs having several shapes (plates, spheres,
tubes, pipes, etc.) [18].

Usually, an energy dynamic building envelope is a multilayer wall. Most researchers place
PCM-based layers either in contact [19,20] or very close to the building interior [21,22], without making
any quantitative comparative analysis of position and thickness. However, Shi et al [23], who did
compare the effect of placing the PCM-based layer innermost, outermost or in the middle of the wall,
recommend to place it in the middle based on thermal comfort criteria for Hong Kong.

Thus, the placement and thickness of PCM-based layers remain an open question. Among other
open questions, we aim to answer the four following questions: (i) When is it convenient to use
PCMs? (ii) Which PCMs should be chosen? (iii) With which standard (non-PCM) materials should
they be combined? (iv) How many layers are needed and/or how thick should the wall be in total?
Any possible question has multiple answers. This work aims to offer a specific answer to each one
while considering the performance index (energy efficiency, cost, environmental impact, etc.), the solar
azimuth, and the local weather conditions along a typical year.

To determine the performance of a multilayer wall that is part of the building envelope, the heat
exchange between the outer and inner environments through this wall must be known. To this end,
we solve the transient heat conduction equation across the wall. This equation is generally highly
nonlinear in the presence of PCMs due to the peaks in their effective heat capacity during latent heat
release/absorption. Besides nonlinearity, another great challenge arises when a whole year must be
considered. In this case, the external boundary condition varies on an hourly basis according to the
typical meteorological year (TMY) of the building location. For the robust solution of such nonlinear
equation at all the time steps, we use the enthalpy-based finite element method with implicit time
integration [24].

Then, to optimize the performance of a multilayered wall in the building envelope, let each
layer be made of a material consciously chosen from a predefined vade mecum of appropriate
candidates, which especially include cementitious composites containing different fractions of PCMs
either microencapsulated [25] or embedded into recycled brick aggregates (RBAs) [17], developed at
the Institut für Werkstoffe im Bauwesen (WiB) of TU Darmstadt.

This vade mecum may also contain standard construction materials such as concrete and insulation
materials (EPS, Rockwool, etc.), thus it can offer a wide choice of material properties for optimization
purposes. Having a rich enough vade mecum, the evaluation of all the possible designs can be
excessively expensive. Since we aim to continuously update and enlarge this vade mecum all along
the recently launched four-year-long NRG-STORAGE project [26], we are obliged to use efficient
optimization algorithms. Given its effectiveness when dealing with many integer design variables
and discontinuities induced by such variables together with its low computational cost (mainly
due to its easy parallelization), among other properties that are greatly appreciated in building
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performance simulation, and following our expertise in previous works [27–29], we decided to use
genetic algorithms (GA).

The paper is structured as follows. Section 2 introduces the optimization-based methodology for
the design of multilayered walls for building envelopes to be optimal in the light of a given performance
index (as example, a purely thermal criterion is defined here). Section 3 describes the thermal modeling
of a multilayered wall in a building envelope, pointing out the influence of local weather conditions on
boundary conditions and determining the temperature as a function of the design. Section 4 is devoted
to describing the vade mecum of materials for building envelopes, with emphasis on the PCM-based
composites it contains. Section 5 shows and discuss the results of applying this methodology to walls
with different orientations located in two different climates. Finally, Section 6 addresses the concluding
remarks and future work.

2. Optimization-Based Design of Wallboards for Building Envelopes

Let us consider the N-layer wallboard with total thickness L. As shown in Figure 1, x ∈ [0, L]
denotes the distance to the external surface and the layer i = 1, 2, . . . , L has thickness Δxi and lies
between xi−1 and xi = xi−1 + Δxi.

 

Figure 1. Schema of a building envelope using a multilayered wall.

To optimize the performance of the wall, each layer is allowed to be made of a different material.
Let the integer di identify the material at layer i = 1, 2, . . . , N. In the context of optimization, di plays
the role of a categorical design variable that can take a finite number of levels. Each level is an integer that
identifies a candidate material. In general, each di can take its own levels; in other words, the layer i
can have its particular set of material choices; for instance, layer 1 (the external one) may only allow
hydrophobic and non-flammable materials.

Each possible design of the N-layered wall is identified by the set d = [d1, d2, . . . , dN]. Then, we
propose to determine the optimal design, say dopt, by solving the following optimization problem
(Equation (1)):

dopt = argminC(d), (1)

where C is the cost function representing the performance of the wall.
Several choices for C can be found in the literature: the energy consumption for comfort in

air-conditioned rooms and the degree-hours of discomfort in naturally-ventilated rooms, which can be
considered either as multiple objectives [28,29] or combined in a weighted sum as a unique objective [27],
the life cycle cost [30], the environmental impact [30,31], and a sum of the initial investment and
the energy bill minus the resale value [32]. In these works, the cost function involves the whole
building, but they can perfectly serve to characterize the performance of the wallboards enveloping
these buildings.

In general, the problem in Equation (1) is subject to inequality constraints that serve to prescribe
specific thresholds for the thermal transmittance (U-value) [32], the structural compliance, the weight
of the whole wall, etc. The objective C and these may be interchangeable. For instance, one could

187



Materials 2020, 13, 2787

either minimize the energy demand without exceeding a given budget or minimize the budget without
exceeding a given energy demand.

For example, let us consider a purely thermal performance criterion adopting as cost function the
total undesired heat loads all along the 8760 h of a typical meteorological year (TMY) (Equation (2)):

C(d) =
8760∑
h=1

hint〈T(h)
surfint(d) − Tmax

tgt 〉︸����������������������������︷︷����������������������������︸
undesired gains Cgain

+
8760∑
h=1

hint〈Tmin
tgt − T(h)

surfint(d)〉︸����������������������������︷︷����������������������������︸
undesired losses Closs

(2)

where hint is the heat convection coefficient between the wall and the indoor environment, T(h)
surfint is

the temperature at the internal wall surface at hour h, Tmax
tgt and Tmax

tgt are the maximum and minimum
target (ideal) indoor temperatures (maybe time-dependent), and 〈u〉 = (u + |u|)/2 is the ramp function
such that there is no contribution to the undesired heat gains Cgain if T(h)

int < Tmax
tgt or to the undesired

heat losses if Closs if T(h)
surfint > Tmin

tgt . In the above equation, hint, Tmax
tgt , and Tmin

tgt are assumed to be given,

while T(h)
surfint is determined by the design d in a way to be defined in the next section.

3. Temperature Evolution Across the Wall

The temperature T at a distance x ∈ [0, L] from the external surface of the wall at the time instant
t > 0 is governed by the heat conduction Equation (3)

ρceff
.
T − ∂
∂x

(
k
∂T
∂x

)
= 0 (3)

subject to the initial conditions (Equation (4))

T(x, 0) = T0 (4)

and the boundary conditions (Equations (5) and (6))

k
∂T
∂x

= qext at x = 0 (external surface ) (5)

− k
∂T
∂x

= hint(T − Troom) at x = L (internal surface) (6)

In the above equations
.
T = ∂T/∂t is the temperature rate, ρceff is the effective heat capacity, k

is the thermal conductivity, qext is the heat flux from the outdoor environment through the external
wall surface (which evolves in time following the local weather conditions as described in Section 3.1),
hint is the heat convection coefficient at the internal wall surface (the same as in Equation (2)) and Troom

is the indoor room temperature.
Given the multilayered nature of the wall, the physical properties k and ρceff are layer-wise defined:

at a distance x ∈ (xi−1, xi) from the external surface, they are those of the material in layer i, that is the
material di in the vade mecum (see Figure 1).

In general, material properties depend on temperature (Equations (7)). Further, the effective heat
capacity in PCMs is rate-dependent during phase changes [33]. Thus,

k = k(di, T)
ρceff = ρceff

(
di, T,

.
T
) ⎫⎪⎪⎬⎪⎪⎭ at x ∈ (xi−1, xi) (layer i) (7)

The temperature dependence of material properties makes the heat Equation (3) nonlinear.
This nonlinearity becomes severe in presence of PCMs due to the peaks in their heat capacity during
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phase changes. Then, it is crucial to develop a robust solver of the heat conduction Equation (3). Here,
recourse is made to the enthalpy-based finite element formulation proposed by Morgan et al. [24].
For the sake of conciseness, the reader interested in the finite element implementation is referred to the
just cited work.

Finally, since the thermal properties k and ρceff at each layer i are dependent on di, it becomes
apparent that the temperature T at any point x across the wall at any time instant t depends on the
whole design d = [d1, d2, . . . , dN], namely T = T(x, t, d). Particularly, the temperature at the internal
surface at the hour h is T(h)

surfint(d) = T(L, h hours,d), making explicit the influence of the design d on
the performance of the wall as represented by the cost function C(d) given by Equation (2).

3.1. External Boundary Conditions

The heat flux from the outdoor environment is defined as follows (Equations (8)):

qext(t) = αqsolar(t) + hext(t)(Tout(t) − Tsurfext(t)) (8)

where qsolar is the absorbed short-wave (direct and diffuse) solar radiation, α is the solar absorbance
(assumed equal to 0.6 hext is the external heat transfer coefficient Tout is the outdoor temperature,
and Tsurfext(t) = T(0, t, d) is the temperature at the external surface.

The heat flux qext depends on t not only via Tsurfext(t) but also through Tout, hext and qsolar,
which change following the instantaneous local weather conditions as defined by the Typical
Meteorological Year (TMY).

Regarding Tout, this coincides with either the dry bulb temperature Tdb for hext < 1000 W/(m2K)

or the wet-bulb temperature Twb for hext = 1000 W/(m2K), with Tdb and Twb directly taken from the
TMY, where they vary on an hourly basis. On the other hand, qsolar and the convection coefficient hext

are computed using EnergyPlus™ [34]. To take into account not only the local weather conditions
but also the influence of the surface facing angle on these variables, EnergyPlus is applied to a
square 4-m-wide, 4-m-deep, and 3-m-high thermal zone with walls facing north, east, south, and
west. Regarding hext, it is computed using the so-called AdaptiveConvectionAlgorithm in EnergyPlus,
which takes into account the wind direction and magnitude and sets hext to an arbitrarily high value
(1000 W/(m2K)) at the wall exposed to the wind when it is raining, forcing to assume Tout = Tdb at
that instant.

4. Vade Mecum of Materials for Building Envelopes

To improve the performance of a multilayer wall, let each layer be built of a material thoughtfully
chosen from the henceforth called vade mecum of materials for building envelopes. This is a database
that should contain a wide choice of materials in terms of thermal properties (conductivity, specific
heat, and thermal energy storage capacity, etc.) as well as non-flammability, water and air tightness,
weight, cost, and embedded energy, among others, such that it offers a large enough design space
for optimization purposes. Mathematically speaking, each material in the vade mecum is a level of
the categorical design variable di. Note that a vade mecum containing M materials gives rise to NM

different designs for an N-layered wall.
As a first step, the current vade mecum is built on the basis of purely thermal criteria. Particularly,

we are interested in using two cement-based PCM-composites, henceforth referred to as MPCM-p and
RBA-p, with p related to the PCM content.

The MPCM-p is a concrete with w/c = 0.45, 70 vol% of normal aggregates (granitic crushed stones)
and 30 vol% of a PCM paste containing p =0, 10, or 20 vol% of microencapsulated PCM. The PCM
is Micronal® DS 5038 X type, which is a powder of microencapsulated paraffin wax developed by
BASF, with a melting point of around 26 ◦C and a heat storage capacity of 145 kJ/kg [35]. The effective
heat capacity of MPCM-p mixtures as distinct temperature-dependent functions for either heating or
cooling are shown on the left of Figure 2 (see [25] for more details on these mixtures).
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The RBA-p is a concrete with w/c = 0.50, 30 vol% of surrounding cement paste, and 70 vol% of
recycled brick aggregates (RBA), which are filled with p = 0, 65, and 80 vol% of PCM. In this case,
the PCM is the non-encapsulated paraffin wax RT 25 HC® developed by RUBITHERM®, with a
melting point of around 25 ◦C and a heat storage capacity of 210 kJ/kg [36]. The effective heat capacity
of MPCM-p mixtures are also temperature-dependent functions that differ for heating and cooling,
and are depicted on the right of Figure 2. More details on RBA-p composites are given in [17].

To enlarge the choice of thermal properties, the vade mecum also contains two widely used
insulating materials: rockwool and expanded polystyrene (EPS). The current vade mecum is
summarized in Table 1. Let us note that this is a first version, to be continuously enriched with
additional properties (cost, embedded energy, etc.) and enlarged all along the recently launched project
NRG-STORAGE, mainly to account for other performance indexes (cost, environmental aspects, etc.).
Further, the wall must exhibit fire safety and water tightness, among other essential requirements for
real life applications. Considering fire safety for instance, PCM-based concretes offer a non-flammable
choice; on the contrary, EPS and wools exhibit a high flammability, which is a well-known critical issue
yet to be solved. Thus, although indispensable, these additional requirements may be detrimental
to the performance of the wall; therefore, in the optimization problem in Equation (1), they are not
represented by the cost function C but by inequality constraints.

 

Figure 2. Effective heat capacities of MPCM-p concretes (on the left) and RBA-p concretes (on the right).

Table 1. Vade mecum of materials for building envelopes.

Level Name Effective Thermal Conductivity [W/(mK)] Effective Heat Capacity [J/(m3K)]

1 MPCM-0 2.336 Temperature dependent *
2 MPCM-10 2.311 Temperature dependent *
3 MPCM-20 2.311 Temperature dependent *
4 RBA-0 0.910 Temperature dependent *
5 RBA-65 0.769 Temperature dependent *
6 RBA-80 0.769 Temperature dependent *
7 Rockwool 0.042 33,750
8 EPS 0.030 60,000

* see Figure 2.

5. Numerical Results

This section reports the results of the optimization of multilayered systems for external walls,
considering four different orientations (N, S, W, and E) and two different locations (Sauce Viejo
in Argentina and Frankfurt in Germany). Sauce Viejo has a humid subtropical climate, which is
considered as Cfa in the Köppen–Geiger classification; the average temperatures along typical summer
and winter weeks are 24.4 and 13.8 ◦C, respectively. Frankfurt has a warm temperate climate, Cfb in the
Köppen–Geiger classification, with average temperatures of 18.0 and 1.7 ◦C, respectively, for typical
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summer and winter weeks. For later discussions concerning orientation, let us keep in mind that Sauce
Viejo and Frankfurt are in the Southern and Northern hemispheres, respectively.

For an accurate evaluation of the performance of a building envelope all along a year, the weather
at each location is described by its typical meteorological year (TMY). This TMY is a database
with relevant weather variables (including dry-bulb and dew-point temperatures, wind speed and
direction, relative humidity, total sky cover, ceiling height, atmospheric pressure, global horizontal
solar radiation, diffuse and direct normal solar radiation, precipitation, etc.) given on an hourly
basis along twelve typical meteorological months, which were chosen from different years following
the Sandia method [37]. The TMYs for Sauce Viejo and Frankfurt can be downloaded for free from
Climate.OneBuilding [38]; that at Sauce Viejo was recently generated by Bre and Fachinotti [39].

As pointed out in Section 2, the cost function C(d) (to be minimized) represents the undesired
heat loads along a TMY defined by Equation (2). We further assume that: (i) the room temperature
Troom appearing in the boundary condition at the internal surface (Equation (6)) is ideally maintained
at 24 ◦C; (ii) the maximal and minimal temperatures involved in the definition of C(d) (Equation (2))
are set to the same value, i.e., Tmin

tgt ≡ Tmin
tgt ≡ Troom = 24 ◦C; and (iii) the convection coefficient of the

internal surface in Equations (2) and (6) is set to the typical value hint = 8.24 W/
(
m2K

)
, as adopted by

Biswas et al. [21,22] for non-reflective vertical interior walls.

5.1. Reference Solutions on Homogenous Walls

For comparison purposes, let us start by considering a homogeneous 20-cm-thick external wall
made of one of the candidate materials found in the vade mecum (Table 2).

Table 2. Vade mecum of multilayered systems for building envelopes.

Location Orientation
Layer *

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Sa
uc

e
V

ie
jo

N 8 8 8 8 8 8 8 8 8 6 6 6 6 8 8 8 8 8 8 8

S 8 8 8 8 8 8 8 8 8 6 6 8 8 8 8 8 8 8 8 8

E 8 8 8 8 8 8 8 8 8 8 8 8 6 6 8 8 8 8 8 8

W 8 8 8 8 8 8 8 8 8 8 6 6 8 8 8 8 8 8 8 8

Fr
an

kf
ur

t

N 8 8 8 8 8 8 8 8 8 8 6 8 8 8 8 8 8 8 8 8

S 8 8 8 8 8 8 8 8 8 8 6 8 8 8 8 8 8 8 8 8

E 8 8 8 8 8 8 8 8 8 8 6 8 8 8 8 8 8 8 8 8

W 8 8 8 8 8 8 8 8 8 8 6 8 8 8 8 8 8 8 8 8

* Layers 1 and 20 are the outermost and the innermost, respectively. Materials 6 and 8 are RBA-80 and EPS, respectively.

The transient heat conduction Equation (3) was solved using the enthalpy-based finite element
method [24] with Euler-backward (implicit) time stepping. A previous analysis was carried out to
determine the best deal between and computational cost, from which we decided to use four linear
finite elements per layer and constant time steps of half-an-hour (i.e., 17,520 time steps along the TMY).
To take due account of the steep variation of the effective heat capacity in PCM-based composites,
six Gauss points were used in the corresponding finite elements, while two Gauss points (as usual)
were used in the remaining finite elements.

Then, 64 problems were solved, one per each location, material, and orientation. From now on,
for the sake of simplicity, let us refer simply as N to the case of a wall facing N, and so on for E-, S, and
W-facing cases.

At Sauce Viejo, as shown in Figure 3, the undesired heat gains Cgain and losses Closs are balanced.
Using the PCM–concrete composites, Cgain is maximal for the N and minimal for S; for W and E, it is
almost as prejudicial as for N. RegardingCloss, its maximum and minimum occur at S and N, respectively.
Once again, E and W are closer to the worst case (S). In general, considering the total undesired loads
C = Cgain +Closs, the worst case is W, followed by E, N and S, in that order. Using insulating materials
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(either rockwool or EPS), the total C considerably reduced. Best performances are achieved using EPS
(the least conductive material of the vade mecum). For EPS, C attains its minimum value for S.

 

Figure 3. Undesired heat gains, heat losses and total heat loads in 20-cm-thickness external walls made
of different materials at Sauce Viejo (Argentina) for different orientations.

At Frankfurt, as shown in Figure 4, Closs is considerably higher than Cgain. This made the
conclusions for Closs also valid for the total heat loads C. By using the PCM–concrete composites,
the performance of the wall is not as sensitive to the orientation as it is for Sauce Viejo. In general, N is
the worst case, but E, W and S are not much better. Once again, the performance is greatly improved
by using insulating materials.

 

Figure 4. Undesired heat gains, heat losses and total heat loads in 20-cm-thickness external walls made
of different materials at Frankfurt (Germany) for different orientations.
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5.2. Optimal Multilayered Walls

Given the 20-cm-thick external wall of the preceding section, let it be made of 20 equally thick
layers, and each layer is allowed to be made of one the eight materials in the vade mecum (Table 1).
In this case, a design is actually a stacking sequence defined by d = [d1, d2, . . . , d20], where di identifies
the material in layer i.

Then, the optimal stacking sequence is determined by solving the nonlinear, integer programming
problem given by Equation (1) by using genetic algorithms (GA). Note that a homogeneous wall made
of the material m in the vade mecum represents a possible design d of the current multilayered wall,
where all the layers are made of the same material m, i.e., di = m = constant for i = 1, 2, . . . , N. The best
homogeneous wall from the previous section (that made of EPS for all the cases) has been included in
the initial population for GA.

The optimal solutions for both locations and the four orientations are shown in Table 2.
Not surprisingly, only two materials, among the eight possible ones in the vade mecum, are present in
all the optimal solutions: that with the lowest conductivity (level 8 = EPS) and that with the highest
effective thermal energy storage capacity (level 6 = RBA-80). The great majority of the layers are made
of EPS (16 or 18 for Sauce Viejo and 19 for Frankfurt).

At Sauce Viejo (see Figure 5), despite the little use of RBA-80, the energy performance of the
optimal multilayered wall is considerable better than that of the EPS (insulating only) wall: C is
reduced between 23.4% and 45.6%, bounds corresponding to S and N, respectively.

 

Figure 5. Undesired heat loads in a 20-cm-thick external wall at Sauce Viejo (Argentina) for different
orientations: comparison between the EPS insulating wall and the optimal multilayered wall.

At Frankfurt, as shown in Figure 6, only Layer 11 is made of RBA-80 for all the considered
orientations. For this optimal wall, Cgain is greatly reduced (from 70.6% for W to 78.9% for N).
However, the weight of Cgain into C is considerably lower than that of Closs, for which there is a modest
improvement: from 0.4% for N to 8.3% for S. At the end, C is reduced between 4.8% for N to 18.8%
for S.

In general, for Sauce Viejo (in the Southern hemisphere) as well as for Frankfurt (in the Northern
one), the most beneficial effect of RBA-80 is observed at the most sun-exposed wall. Furthermore,
the use of RBA-80 leads to considerably higher improvements in Sauce Viejo, where the temperatures
remain a longer time in the phase-change range of RBA-80 (from 20 ◦C to 26 ◦C, approximately).

Finally, let us remark that Table 2 is the initial version of a new vade mecum of multilayered
wall systems for building envelopes. For the time being, it offers a quick answer to the question
of minimizing the undesired thermal loads at locations climatically close to those analyzed here.
Once again, it is a goal of the recently launched NRG-STORAGE project to continuously enlarge this
vade mecum to offer quick solutions for more climates considering different performance indexes.
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Figure 6. Undesired heat loads in a 20-cm-thick external wall at Frankfurt (Germany) for different
orientations: comparison between the EPS insulating wall and the optimal multilayered wall.

6. Conclusions

This article introduces an optimization-based methodology to improve the performance of
multilayer walls to be used in building envelopes. This is done in the following steps:

i. A vade mecum of materials is built to be used in building envelopes, including particularly
materials with thermal energy storage capacity and insulating properties, which should offer a
wide choice of material responses.

ii. Given the location and the wall azimuth, EnergyPlus is used to translate the local
typical meteorological year (TMY) into time-dependent boundary conditions for the heat
conduction equation.

iii. Given a multilayered wall “design”, i.e., a specific stacking sequence of materials chosen from the
vade mecum of Step i, the heat conduction equation, subject to the boundary conditions from
Step ii, is solved along a whole Typical Meteorological Year (TMY) using a robust finite element
method to determine the temperature across a given multilayered wall.

iv. The temperature evolution at the internal wall surface, resulting from Step iii, serves to determine
the thermal performance index of the current design, here defined by a cost function representing
the undesired thermal loads along a TMY.

v. Genetic algorithms are used to make the designs evolve until achieving optimal performance.
vi. Steps ii–v must be repeated first for the remaining orientations at the same location and then for

different locations.

Here, the methodology was applied to optimize thermal performance of envelopes in Sauce
Viejo (Argentina) and Frankfurt (Germany), having humid subtropical and warm temperate climates,
respectively. Further, the walls were assumed to face north, east, south, and west. Considering a
20-cm-thick external wall, the optimal solution in any case is mostly made of EPS (the best insulating
material in the current vade mecum), including a 1–4-cm-thick layer of a PCM-based composite
(the material with the highest thermal energy storage capacity in the current vade mecum). In general,
This PCM-based layer is placed next to the middle of the wall, closer to the internal surface. In this
way, this methodology defines not only the proper placement but also the proper thickness of the
PCM-based layer considering weather and orientation.

Furthermore, despite the little use of PCMs, the undesired heat loads were reduced in comparison
to a 20-cm-thick EPS wall: up to 18.8% and 45.6% for Frankfurt and Sauce Viejo, respectively. The better
performance at Sauce Viejo is explained by the fact that local temperatures remain for longer periods
closer to the phase-change temperatures of the PCM-based composites available in the current
vade mecum.
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Further steps which follow from this research will address the enrichment of the vade mecum,
including particularly PCM-based composites with various phase-change temperature ranges
and materials.

Once the vade mecum of materials proves to be wide enough, optimal solutions can be obtained
by applying the current methodology within a wide range of climates and different performance
indexes, which will be taken as inputs for a new vade mecum of building envelopes.
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Abstract: The thermal conductivity of concrete is a key factor for efficient energy consumption in
concrete buildings because thermal conductivity plays a significant role in heat transfer through
concrete walls. This study investigated the effects of replacing fine aggregates with coal bottom ash
(CBA) and the influence of curing age on the thermal properties of high-strength concrete with a
compressive strength exceeding 60 MPa. The different CBA aggregate contents included 25%, 50%,
75%, and 100%, and different curing ages included 28 and 56 days. For concrete containing CBA fine
aggregate, the thermal and mechanical properties, including the unit weight, thermal conductivity,
compressive strength, and ultrasonic velocity, were measured. The experimental results reveal that
the unit weight and thermal conductivity of the CBA concrete were highly dependent on the CBA
content. The unit weight, thermal conductivity, and compressive strength of the concrete decreased
as the CBA content increased. Relationships between the thermal conductivity and the unit weight,
thermal conductivity and compressive strength of the CBA concrete were proposed in the form of
exponential functions. The equations proposed in this study provided predictions that were in good
agreement with the test results. In addition, the test results show that there was an approximately
linear relationship between the thermal conductivity and ultrasonic velocity of the CBA concrete.

Keywords: thermal conductivity; coal bottom ash; unit weight; compressive strength;
ultrasonic velocity

1. Introduction

Currently, due to the increasing frequency of extremely hot weather conditions, efficient energy
consumption is required in the construction field. In particular, there is an increasing demand for
energy-efficient buildings, in which the internal temperature can be optimized [1–3]. One of the
key factors for optimizing energy efficiency is thermal conductivity. When a building is constructed
from materials with high thermal conductivity, a great amount of energy is consumed for cooling
and heating [4,5]. To ensure the internal temperature of structures, materials with low thermal
conductivity are recommended for constructing concrete structures. Accordingly, concrete with low
thermal conductivity is preferable for efficient energy consumption in residential and commercial
concrete buildings.

Regarding concrete with low thermal conductivity, some experimental studies have been
performed [6–11]. Aghdam et al. [6] performed an experimental study to estimate the effects of
carbon nanotubes on the thermal conductivity of steel fiber-reinforced concrete. The test results show
that the addition and the increasing length of the carbon nanotubes significantly improved the thermal
conductivity of steel fiber-reinforced concrete. Wang et al. [7] studied the thermal conductivity of
concrete with expanded perlite, which is a porous material, and concluded that the mechanical strength
and thermal conductivity of the concrete decreased after the expanded perlite was added to the concrete.
Nguyen et al. [8] studied the influence of moisture content and temperature on the thermal properties
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of lightweight concrete, for which expanded clay, expanded shale, and pumice were used for the
fabrication of lightweight aggregates. This study reported that the thermal conductivity of the concrete
specimens, including expanded clay, expanded shale, and pumice, showed a great dependence on
the moisture content. In addition, Brooks et al. [9] also investigated the effect of different lightweight
fillers, including expanded polystyrene beads, dry-expanded thermoplastic microspheres, hollow glass
microspheres, and lightweight hollow spheres made of fly ash, on the thermal properties of lightweight
cementitious composites. The authors indicated that the thermal properties of lightweight concrete
were greatly affected by the type and volume fraction of lightweight filler. Lower-density hollow glass
microspheres, expanded polystyrene beads, and dry-expanded thermoplastic microspheres are more
suitable for nonstructural thermal insulating components.

The demand for electricity is also an increasingly prevalent issue, and a thermal power plant is
one of the methods to supply electricity. However, coal-fired thermal power plants create an enormous
amount of bottom ash and fly ash [12–17]. Coal bottom ash (CBA) is an industrial waste produced
at the bottom of a coal furnace in coal-fired thermal power plants. CBA is a kind of porous material
with some advantages, such as low thermal conductivity and low specific density, which can be
used in the concrete industry [18,19]. Accordingly, the material properties of CBA concrete have
been examined in previous studies [20–22]. Mangi et al. [23,24] investigated the effect of CBA on the
concrete strength properties under sulfate and chloride environments. Balapour et al. [25] performed
an experimental program to investigate the potential use of CBA for the internal curing of concrete
systems. They indicated that CBA exhibited a low oven dry-specific gravity, which makes it capable of
storing the amount of water needed for concrete internal curing. In addition, Khongpermgoson et
al. [26] reported that the compressive strength of concretes mixed with ground CBA and other binders
increased with increasing curing age.

However, most previous studies investigated the mechanical properties of CBA concrete with a
normal compressive strength of less than 40 MPa, which included CBA as an aggregate replacement.
Moreover, few studies have assessed the thermal properties of high-strength CBA concrete. Therefore,
to develop concrete with low thermal conductivity for energy efficiency, an experimental study must
be performed to investigate the effects of the partial or total replacement of natural aggregates with
CBA on the thermal properties of concrete.

In this experimental study, the thermal and mechanical properties of high-strength CBA concrete
with a target compressive strength exceeding 60 MPa were investigated. The CBA concrete included
0%, 25%, 50%, 75%, and 100% replacement of natural fine aggregates with CBA aggregates. The unit
weight, thermal conductivity, compressive strength, and ultrasonic velocity of the produced concrete
were measured. In addition, relationships between the thermal conductivity and the unit weight,
compressive strength, and ultrasonic velocity for the CBA concrete were proposed.

2. Experimental Program

2.1. Materials

Both the fine and coarse aggregates used in this study were crushed materials. Due to the depletion
of natural resources, crushed fine aggregates have been used favorably in Korea. The crushed fine
aggregate is shown in Figure 1a. The particle size distribution of the crushed fine aggregate is shown
in Figure 2. The minimum and maximum sizes of the coarse aggregates used in this study were 5 and
20 mm, respectively. The density, water absorption, and fineness modulus of the crushed fine and
coarse aggregates used are shown in Table 1. The densities of the fine and coarse aggregates were 2.60
and 2.61 g/cm3, respectively, and the water absorption of the fine and coarse aggregates were 0.69 and
1.44, respectively.
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(a) (b)

Figure 1. Crushed fine and CBA aggregates. (a) Crushed fine aggregate; (b) CBA aggregate.

Figure 2. Grading curve of CBA and crushed fine aggregates.

Table 1. Physical properties of fine, coarse and coal bottom ash (CBA) aggregates.

Material

Property
Fineness Modulus Water Absorption

(%)
Density (g/cm3)

Crushed fine aggregate 3.17 0.69 2.60
Coarse aggregate 6.77 1.44 2.61

CBA 3.83 6.87 1.84

The CBA was collected from a thermal power plant company (Korea South-East Power Co., Ltd,
Yeongheung Power Division, Yeongheung, Korea). The chemical components of the CBA used were
determined through energy-dispersive spectroscopy (EDS, Hitachi High-Technologies Corporation,
Tokyo, Japan), and the analysis results are shown in Table 2. The three major components in the CBA
were SiO2, Al2O3, and Fe2O3, which had contents of 60.03%, 20.25%, and 9.80%, respectively, thereby
comprising greater than 90% of the CBA.
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Table 2. Chemical components of CBA and OPC.

Component CBA (%) OPC (%)

SiO2 60.03 31.90
Al2O3 20.25 8.97
Fe2O3 9.80 0.87
CaO 5.58 46.95

Na2O 1.95 0.38
MgO 1.44 3.25
K2O 0.95 0.96
SO3 - 5.25

The CBA aggregate was screened to remove particles greater than 5.0 mm and to retain particles
greater than 0.15 mm. The CBA used in this study is shown in Figure 1b, and the particle size
distribution of the CBA is also presented in Figure 2. A scanning electron microscopy (SEM) image of
the CBA is given in Figure 3, and the image shows the presence of voids in the CBA particles. As shown
in Table 1, the density of the CBA was smaller than that of the crushed fine aggregate, which were 1.84
and 2.60 g/cm3, respectively. On the other hand, the CBA water absorption was much higher than that
of the crushed fine aggregate, which were 6.87% and 0.69%, respectively.

 
Figure 3. SEM image of CBA aggregate.

Ordinary Portland cement (OPC) used in this study was type I in accordance with KS L 5201 [27].
The specific gravity of the OPC used was 3.15, and the chemical components of the OPC are shown
in Table 2. To enhance the workability and reduce the water-cement ratio of the CBA concrete,
a superplasticizer with a dosage of 3.6 kg/m3, which corresponded to 0.6% of the weight of the OPC,
was used.

2.2. Mixing Proportions

The mixing proportions of the control concrete and CBA concrete are provided in Table 3.
A concrete mix was designed with a target compressive strength of 60 MPa at a curing age of
28 days. In the experimental study, five different series of concrete mixtures were prepared with
various percentages of CBA as crushed fine aggregate replacement. The crushed fine aggregate in the
concrete was replaced with CBA at five different volume fractions of 0%, 25%, 50%, 75%, and 100%,
and the corresponding CBA concrete mixtures were named CBA00, CBA25, CBA50, CBA75, and
CBA100, respectively. The amounts of cement and coarse aggregate were constant for each concrete
mixture at 595.0 and 878.5 kg/m3, respectively. A water-cement ratio of 0.3 was applied in all of the
concrete mixtures.
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Table 3. Mixing proportions of the CBA concrete.

Mixtures
CBA

Content (%)
W/C Water

Unit Content (kg/m3)

Cement
(OPC) a

Coarse
Aggregate

Crushed Fine
Aggregate

CBA
Superplasticizer
(0.6% × Cement)

CBA00 0 0.3 178.5 595.0 878.5 663.0 0.0 3.6
CBA25 25 0.3 178.5 595.0 878.5 497.2 117.7 3.6
CBA50 50 0.3 178.5 595.0 878.5 331.5 235.3 3.6
CBA75 75 0.3 178.5 595.0 878.5 165.7 353.0 3.6
CBA100 100 0.3 178.5 595.0 878.5 0.0 470.7 3.6

a OPC: ordinary Portland cement.

2.3. Specimen Preparation and Test Procedures

All of the concrete specimens were fabricated in a laboratory mixer. Cylindrical specimens with
dimensions of 100 mm × 200 mm were fabricated to determine the unit weight, thermal conductivity,
and compressive strength of the different mixtures. After casting the concrete, the concrete specimens
were covered with plastic wrap and moist-cured for one day. Thereafter, the specimens were demolded
at an age of 24 ± 1 h and then cured under submersed conditions at 23 ± 2 ◦C in a water tank until the
ages of 28 and 56 days after the casting of concrete.

The unit weight, compressive strength, thermal conductivity, and ultrasonic velocity of the CBA
concrete were measured at curing ages of 28 and 56 days. Both end surfaces of the cylinders for
compressive strength tests were ground before implementing each experiment.

The unit weight (bulk density) of hardened CBA concrete was measured by using the cylindrical
specimens after curing for 28 and 56 days, respectively. The unit weight was determined by dividing
the mass of the cylindrical specimen by the volume of the specimen.

The compressive strength of the cylindrical specimens was tested with a universal testing machine
(UTM). Loading was applied under displacement control using a UTM with a capacity of 2000 kN.
The mean values of three specimens were recorded to obtain the material properties of the concrete.

There are several testing methods and their related devices for the measurement of the thermal
conductivity of concrete. First, the thermal conductivity test can be carried out in accordance with
ASTM D 5334-05 [28]. The ASTM method is based on the concept that the temperature rise in the heat
source depends on the thermal conductivity of the medium into which it is inserted. The probe consists
of a heating wire and a temperature measuring unit, and it should be inserted into a hole drilled in the
concrete specimen. Similarly, Kim et al. [29] also used the two linear parallel probe (TLPP) method to
determine the thermal conductivity of concrete. For the TLPP method, two probes are inserted into
two parallel holes drilled in the specimen, where one probe is used as a heating source and the other is
used as a temperature sensor.

The transient plane source (TPS) method has been explained in detail by Gustafsson [30] and
Log and Gustafsson [31], and its consideration was summarized by He [32]. For the TPS method,
the probe is sandwiched between the cast sides of two specimens or the cut faces of two elements of a
concrete specimen, whereas probe rods are inserted into holes in the concrete specimen when using
the ASTM method and TLPP method. The TPS method has been widely used to measure the thermal
conductivity of solid materials such as concrete [33,34].

In this study, the measurement of the thermal conductivity was based on the TPS method.
The thermal conductivity of the CBA specimens was measured using a TPS1500 testing device supplied
from Hot Disk Ltd. (Gothenburg, Sweden) as shown in Figure 4a. In the TPS method, to ensure that
the sensor was exposed to fine and coarse aggregates and cement paste, the cylindrical specimens
were cut into two halves at the middle section of the cylinder, as shown in Figure 4a, and then the
sensor was sandwiched between the two half cylinders, as shown in Figure 4b. The cut surfaces had
planeness to ensure contact between the concrete specimen and the sensor.
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(a) 

 
(b) 

Figure 4. Test setup for the thermal conductivity measurements. (a) Transient plane source (TPS)
measurement system; (b) concrete specimens used for the thermal conductivity experiments.

The sensor contained a nickel double spiral that applied a heating pulse to the specimen.
The concrete specimen was controlled to satisfy thermal equilibrium before the measurements. After a
thermal equilibrium time of at least 90 min under laboratory temperature conditions, measurements
were made with an applied heating power of 0.3 W. Three measurements were taken for each specimen
to ensure accurate test results.

3. Test Results and Discussion

3.1. Properties of Fresh Concrete

To investigate the workability of the fresh concrete, a slump test was performed. The slump
test results are shown in Figure 5. The slump of the CBA concrete mixtures decreased as the CBA
fine aggregate content increased. The slumps of CBA concrete mixtures CBA25, CBA50, CBA75, and
CBA100 were 75, 68, 57, and 47 mm, respectively, whereas that of the control concrete mixture was
79 mm. The decrease in the workability of concrete is mainly due to the irregular shapes and the
increase in the surface area of the aggregates used in concrete. The use of CBA as fine aggregates
affected the concrete texture, which had more irregular and porous particles than the control concrete.
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Therefore, the friction between particles in CBA concrete increased the obstruction of the workability
of the fresh concrete and then led to a decrease in the slump of the CBA concrete.

Figure 5. Slump test results.

3.2. Unit Weight

The unit weights of the concrete specimens with different CBA replacement ratios are shown
in Figure 6. The figure indicates that the unit weight of the CBA concrete decreased as the CBA
replacement ratio increased in the concrete, which was the expected response. At a curing age of 28
days, the unit weight of the control mixture CBA00 was 2370.2 kg/m3, whereas the unit weight of
the mixture containing 100% CBA fine aggregate decreased to as low as 2190.2 kg/m3. Specifically,
the unit weights of the CBA concrete mixtures CBA25, CBA50, CBA75, and CBA100 were 2.1%, 3.2%,
5.3%, and 7.6% less than that of the control mixture, respectively. This decrease in the unit weight of
the CBA concrete mixtures occurred because the unit weight of CBA fine aggregate was lower than
that of crushed fine aggregate, as shown in Table 1. The porosity of each CBA concrete specimen was
estimated by using the mercury intrusion porosity (MIP) method. After performing the compressive
strength test, the crushed concrete specimen was broken into small samples to be placed in the MIP
dilatometer. For the small samples, coarse aggregates were eliminated from the samples. Then, the MIP
test was carried out by using the concrete piece samples. The porosity in the sample consisted of
the contribution from cement paste and that from CBA fine aggregates. Accordingly, it could be
considered that the porosity from the MIP test was affected by the CBA fine aggregate contents under
the conditions of a constant water-cement ratio and the use of the same type of cement. The MIP test
results in the present study show that the porosity of mixture CBA100 was higher than that of the
reference mixture (CBA00). Specifically, the porosities for mixtures CBA00, CBA25, CBA50, CBA75,
and CBA100 at a curing age of 28 days were 8.5%, 9.6%, 10.4%, 12.3%, and 15.6%, respectively. Thus,
the porosity increased as the CBA aggregate content increased.

At a curing age of 56 days, the unit weight of the control mixture was 2386.5 kg/m3, whereas the
unit weight of mixture CBA100 decreased to as low as 2225.7 kg/m3. Specifically, the unit weights of
the CBA concrete mixtures CBA25, CBA50, CBA75, and CBA100 were 2.0%, 3.7%, 5.8%, and 6.7% less
than that of the control mixture, respectively.

Figure 6 also compares the measured unit weights of the concrete specimens at different curing
ages. At a curing age of 56 days, the unit weights of the concrete with 0%, 25%, 50%, 75%, and 100%
CBA replacement of crushed fine aggregate were 0.7%, 0.9%, 0.2%, 0.1%, and 1.6% higher than the
corresponding values at a curing age of 28 days, respectively; hence, these increases were insubstantial.
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Figure 6. Unit weight test results.

3.3. Thermal Conductivity

The thermal conductivities of the concrete specimens with different CBA contents are presented
in Figure 7. The thermal conductivities of CBA concrete decreased as the CBA content increased at
a curing age of 28 days. The thermal conductivities of the CBA concrete mixtures CBA25, CBA50,
CBA75, and CBA100 were 6.4%, 11.7%, 14.2%, and 22.5% less than that of the control concrete mixture
CBA00 (1.87 W/mK), respectively. At a curing age of 56 days, the thermal conductivity of 1.45 W/mK in
the CBA concrete mixture CBA100 was 31.2% less than the value of 2.04 W/mK in the control concrete
mixture. The thermal conductivity of the CBA concrete with a 100% CBA content was significantly
less than that of the control concrete mixture. It is known that thermal conductivity highly depends
on the pore structure of the concrete, and subsequently the density of the concrete. Hence, the pore
structure was one of the key elements affecting thermal conductivity [10,35]. As already discussed in
the previous section, the porosity of the CBA concrete specimen for each mixture increased as the CBA
aggregate content increased. As the CBA content increased, the total porosity increased, so the thermal
conductivities of the concrete decreased. For this reason, the observed decline in thermal conductivity
could be explained by the increase in the CBA aggregate content in the concrete.

Figure 7. Thermal conductivity test results.

A decrease in the thermal conductivity of the CBA concrete would increase the thermal insulation
provided by the concrete and reduce the heating and cooling costs for buildings constructed from
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these materials. Therefore, the test result of the thermal conductivities for CBA concrete in this study
implies that CBA could be utilized to fabricate high-strength concrete with low thermal conductivity
for efficient energy consumption.

The effect of curing age on the thermal conductivity of the CBA concrete specimens is also shown
in Figure 7. When the concrete curing age increased from 28 to 56 days, the thermal conductivities of
the concrete with CBA contents of 0%, 25%, 50%, 75% and 100% CBA increased by 9.2%, 6.5%, 5.7%,
4.0%, and 3.1%, respectively. With the increase in curing age, the pores in the concrete matrix were
filled by hydration products and calcium silicate hydrate (CSH) gel [36]. Heat is transferred faster
in solid materials than in porous materials. Therefore, the thermal conductivity for the well packed
concrete specimens at a curing age of 56 days will be higher than that at a curing age of 28 days.

The relationship between the thermal conductivity and the unit weight of the CBA concrete with
two different curing ages is shown in Figure 8a. As the unit weights of the CBA concrete increased,
the thermal conductivity of the CBA concrete increased. Moreover, the thermal conductivity of the
CBA concrete is nearly linearly proportional to the unit weight. This phenomenon occurred because
the substitution of CBA as fine aggregate increased the porosity in the concrete, thereby reducing
the thermal conductivity and unit weight of the CBA concrete. The smallest unit weight was nearly
consistent with the smallest thermal conductivity of CBA concrete.

Asadi et al. [11] proposed Equation (1) to predict the thermal conductivity of CBA concrete by
using the unit weight. Their proposed equation was an exponential function that was derived based
on the test data of thermal conductivities of lightweight concrete available in the literature. The test
data used in their equation did not contain only CBA but also pumice, expanded polystyrene, and
expanded perlite.

k = 0.0625e0.0015ρ (1)

where k is the thermal conductivity (W/mK) and ρ is the unit weight of the CBA concrete (kg/m3).
ACI committee 213 R-03 [37] proposed Equation (2) to estimate the thermal conductivity of

lightweight concrete.
k = 0.0864e0.00125ρ (2)

Wongkeo [35] and Zhang et al. [38] carried out an experimental program on CBA concrete,
and their studies indicated that the thermal conductivities had a close relation with the unit weight.
This study proposes Equation (3), which is based on the test results from the present study and the
results from Wongkeo [35] and Zhang et al. [38]. A comparison of the three equations is also shown in
Figure 8b.

k = 0.0725e0.0013ρ (3)

The equation from Asadi et al. [11] overestimated the thermal conductivities because it was
derived based on concrete including different kinds of lightweight aggregates. In contrast, the equation
proposed in this study provides predictions that are in close agreement with the test results of the
CBA concrete.
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(a) 

(b) 

Figure 8. Relationship between the thermal conductivity and the unit weight. (a) Test results in this
study; (b) comparison of the predictions in this study and previous studies

3.4. Compressive Strength

The test results of the compressive strength of the concrete specimens with different CBA contents
are shown in Figure 9. At a curing age of 28 days, the compressive strength of the CBA mixtures
decreased as the CBA replacement increased. The compressive strength values of CBA concrete
mixtures CBA50, CBA75, and CBA100 were 3.0%, 4.6%, and 8.8% less than that of the control concrete
mixture (CBA00), respectively. However, the compressive strength of the CBA concrete mixture
CBA25 was only 1.2% higher than that of the control concrete mixture. At a curing age of 56 days,
the compressive strength values of the CBA concrete mixtures CBA25, CBA50, CBA75 and CBA100
were 2.0%, 3.0%, 4.8%, and 6.2% less than that of the control concrete mixture (CBA00), respectively.
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This compressive strength loss could be explained by the increase in the porosity of the concrete. These
pores might have an adverse influence on the compressive strength of the CBA concrete specimens [39].

Figure 9. Compressive strength test results.

Figure 9 also illustrates the effects of curing ages of 28 and 56 days on compressive strength.
At a curing age of 56 days, the concrete compressive strength values with CBA contents of 0%, 25%,
50%, 75%, and 100% were 110.4%, 106.9%, 110.4%, 110.2%, and 113.6% of the corresponding values
at a curing age of 28 days, respectively. The substantial increase in the compressive strength of the
CBA concrete mixtures after curing for 56 days might result from the pozzolanic reaction of the CBA.
According to the study of Abdulmatin et al. [36], due to the pozzolanic activity, secondary CSH and
calcium aluminate hydrate (CAH) form; therefore, the porosity of the concrete matrix is filled with
these materials. In addition, Ca(OH)2 is transformed into CSH. These phenomena are why the concrete
compressive strength increased with the increase in curing age.

The relationship between the compressive strength and the unit weight of the CBA concrete under
two different curing ages is presented in Figure 10a. The compressive strength of the CBA concrete has
a nearly direct relationship with the unit weight of the CBA concrete. The compressive strength of the
CBA concrete increased as the unit weight of the CBA concrete increased. This phenomenon occurred
because both the unit weight and the compressive strength of the CBA concrete were affected by the
replacement of a stronger material (crushed sand) with a weaker material (CBA) and the increase in
pore volume in the CBA concrete, as described in the previous section.

The relationship between the compressive strength and the unit weight of the CBA concrete,
based on the test results in this study and in previous studies [35,38], is shown in Figure 10b. The
proposed exponential equation for predicting the relationship between the compressive strength and
the unit weight of the CBA concrete is expressed as follows:

fc = 1.217e0.0018ρ (4)

where fc is the compressive strength (MPa) and ρ is the unit weight (kg/m3).
This equation underestimated the compressive strength values when the unit weight ranged from

approximately 1700 to 1900 kg/m3, whereas it overestimated the compressive strength values when the
unit weight ranged from approximately 2300 to 2400 kg/m3.
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(a)

(b)

Figure 10. Relationship between the compressive strength and the unit weight. (a) Test results in this
study; (b) relationship based on the results in this study and previous studies.

In addition, the relationship between the thermal conductivity and the compressive strength is
shown in Figure 11a. The figure shows that this relationship tendency was similar to that between the
thermal conductivity and the unit weight of the CBA concrete. The compressive strength of the CBA
concrete was affected by the unit weight. Therefore, the thermal conductivity had a close relationship
with the compressive strength of the CBA concrete. In this study, the thermal conductivity of the CBA
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concrete varied from 1.41 to 2.04 W/mK when the compressive strength ranged from 63.3 to 76.7 MPa.
Albayrak et al. [40] also reported that the compressive strength values and thermal conductivities of
lightweight concrete decreased with decreasing density.

(a)

(b)

Figure 11. Relationship between the thermal conductivity and the compressive strength. (a) Test results
in this study; (b) relationship based on the results in this study and previous studies.

Moreover, the relationship between the thermal conductivity and the compressive strength, which
is based on the test results in this study and in previous studies [35,38], is shown in Figure 11b.
The exponential equation form used to predict the relationship between the thermal conductivity and
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the unit weight of CBA concrete was also applied to predict the relationship between the thermal
conductivity and compressive strength as follows:

k = 0.3976e0.0184 fc (5)

where k is the thermal conductivity (W/mK) and fc is the compressive strength (MPa).
Overall, the thermal conductivity test results in the figure had some deviations with various CBA

concrete compressive strength values. Therefore, the equation overestimated the thermal conductivities
when the measurements of compressive strength ranged from approximately 30 to 50 MPa, whereas it
underestimated the thermal conductivities when the measurements of compressive strength ranged
from approximately 60 to 80 MPa.

3.5. Ultrasonic Velocity

An ultrasonic pulse velocity test was carried out to assess the material characterization of the
CBA concrete. The measured quantity of this experiment was the travel time of the ultrasonic pulse
between the transducers that were held on each surface of a concrete specimen, as shown in Figure 12;
the pulse velocity was calculated by dividing the distance between the transducers by the travel time.

 
Figure 12. Measurement of ultrasonic velocity.

According to the ASTM C597-09 [41], the frequency of the ultrasonic pulse test procedure should
be greater than 50 kHz to achieve accurate transit-time measurements and greater sensitivity for the
short measured path. In the previous studies by Ashrafian et al. [42] and Nik et al. [43], the pulse
frequency of 54 kHz was applied for measuring the ultrasonic velocity of the concrete cubes of 100 mm.
In this study, therefore, an ultrasonic instrument with a frequency of the transducers of 54 kHz was
used to measure the ultrasonic velocity.

The relationship between the thermal conductivity and the ultrasonic velocity is shown in Figure 13.
In this study, the thermal conductivity of the concrete specimen ranged from 1.41 to 2.04 W/mK when
the ultrasonic velocity ranged from 4256 to 4415 m/s. The test results in this study show that there was
an approximately linear relationship between the thermal conductivity and the ultrasonic velocity of
CBA concrete. Solid materials transfer sound faster than porous materials. Higher ultrasonic velocity
indicates that the concrete has greater continuity, whereas lower ultrasonic velocity indicates that
the concrete contains more voids and defects (e.g., cracks). The thermal conductivity and ultrasonic
velocity are mainly dependent on the density of the concrete [44]. The addition of the CBA aggregate
reduced the density of the CBA concrete, which resulted in a reduction in both the thermal conductivity
and ultrasonic velocity.
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Figure 13. Relationship between the thermal conductivity and the ultrasonic velocity.

4. Conclusions

In this research, an experimental study was performed to investigate the thermal conductivity of
CBA concrete with a compressive strength exceeding 60 MPa. The research findings are summarized
as follows:

• The unit weight of CBA concrete decreased as the replacement of CBA as fine aggregate increased.
This decrease in the unit weight of the CBA concrete mixtures occurred because the CBA had a
lower unit weight and a higher porosity than the crushed fine aggregate.

• The thermal conductivity of the CBA concrete was highly dependent on the CBA content.
In addition, overall, the thermal conductivity of the CBA concrete increased as the curing age
increased. When the curing age increased from 28 to 56 days, the thermal conductivity of the
concrete increased by 3.1~6.5%.

• The relationship between the thermal conductivity and the unit weight of the CBA concrete was
modeled with an exponential function. The results indicate that the equation proposed in this
study provides predictions that are in good agreement with the test results.

• The compressive strength of the CBA concrete decreased as the CBA content in the concrete
increased. In addition, an equation relating the thermal conductivity of the CBA concrete to the
compressive strength was proposed. The equation overestimates the thermal conductivity of
moderate-strength concrete (30~50 MPa), whereas it underestimates the thermal conductivity of
high-strength concrete (60~80 MPa) because the test results used as a basis for the equation have
some deviations.

• The ultrasonic velocity of the CBA concrete decreased as the amount of CBA fine aggregate in
the concrete increased. Moreover, the test results show that there was an approximately linear
relationship between the thermal conductivity and ultrasonic velocity of the CBA concrete.

Data Availability: The data used to support the findings in this study are available from the corresponding author
upon request.
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Abstract: This paper reports a numerical approach for modelling the thermal behavior and heat
accumulation/liberation of sustainable cementitious composites made with Recycled Brick Aggregates
(RBAs) employed as carriers for Phase-Change Materials (PCMs). In the framework of the further
development of the fixed grid modelling method, classically employed for solving the well-known
Stefan problem, an enthalpy-based approach and an apparent calorific capacity method have been
proposed and validated. More specifically, the results of an experimental program, following an
advanced incorporation and immobilization technique, developed at the Institut für Werkstoffe im
Bauwesen for investigating the thermal responses of various combinations of PCM-RBAs, have been
considered as the benchmark to calibrate/validate the numerical results. Promising numerical results
have been obtained, and temperature simulations showed good agreement with the experimental
data of the analyzed mixtures.

Keywords: thermal-energy storage; enthalpy method; apparent calorific capacity method; recycled
brick aggregates; meso-scale; PCMs; paraffin waxes; Stefan Problem

1. Introduction

The energy demand for heating and cooling the global building stock represents a massive part
of the total energy consumption around the world (≈ 40%) [1]. In the EU, it accounts for about
half of all energy consumption [2]. To attenuate this number, thermal efficiency of construction
and building elements, like walls, roofs, and floors, has become the most important measure to
enhance energy savings of the new and existing building stock. Recently, with the introduction of
the 2019/2021 EU Buildings Directive, it has been additionally emphasized that new buildings of the
EU-Member States have to be designed as “Nearly-Zero-Energy Buildings” from the beginning of 2021
onward [3]. For public non-residential buildings, this obligation should become active in 2019 and
will be permanently anchored in future building legislation. Moreover, the German Energy Saving
Regulation (EnEV) 2014 has proclaimed 25% stricter requirements for energy savings in their 2016
issue, which affects the set of most important regulations of new and existing German buildings. These
regulations define the maximum annual primary energy demand and the maximum permissible loss
of transmission heat through the building envelope, on the basis of a reference building. In order to

Materials 2020, 13, 1064; doi:10.3390/ma13051064 www.mdpi.com/journal/materials
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comply with the European targets on energy savings, the German federal government will merge the
rules that currently apply in parallel—(i) the Energy Saving Act (EnEG) [4], (ii) the Energy Saving
Regulation (EnEV) [5], and (iii) the Renewable Energy Heat Act (EEWärmeG) [6]—into a new Building
Energy Act (GEG) [7].

Possible innovative solutions include the potential of materials to embody large amounts of
thermal energy, which would stabilize the inner thermal comfort of either residential or non-residential
buildings. Particularly, this can be achieved through an effective use of Phase Change Materials (PCMs),
which minimizes the additional need of primary energy for heating/cooling [8,9]. Numerous articles
on PCMs have been reported in literature and in several fields of applications. The experimental-based
research is predominantly addressing the thermo-hydro-chemo-mechanical properties of cementitious
materials with PCMs [10–12]. In those works, the investigated PCMs are characterized by a melting
temperature that varies between 19 ◦C and 26 ◦C, which corresponds to a standard temperature range
for comfortable living [13]. According to their chemical compositions, PCMs can be categorized as
organic, inorganic and eutectics [14], while according to their phase transition mode as liquid–gas,
solid–gas, solid–liquid, and solid–solid. Solid–liquid is the most preferred mode for energy and
building applications [15,16].

A large number of review studies are already available in literature, which are very helpful for
understanding the State of the Art (SoA) of the current research, and also to evaluate the potential
directions for future investigations. In a very recent review paper, performed at TU-Darmstadt [17], the
authors reviewed the various numerical tools that are used for modelling phase change phenomena
in problems of materials science and engineering. The available modelling strategies for PCM-based
cementitious composites, at different scale levels (micro-, meso-, macro-, and multiscale [18]), have
been deeply explored, evaluated and discussed.

Numerical tools and theoretical approaches, available in scientific literature for modelling Thermal
Energy Storage (TES) and heat accumulation/liberation of PCM-based applications, deal with solving
the so-called Stefan problem [19] or an extended version of it. The Stefan problem assumes the
existence of two different domains, one representing the solid phase (ΩS) and another representing the
liquid phase (ΩL). These are separated by a sharp front, identified as a moving interface (Γ), which is
the location where the phase transformation takes place. Such sharp surface front is characterized
by a temperature field that equals the melting temperature Tm. Several authors, under simplified
assumptions (like 1D conduction-only heat problem in both the solid and liquid phase), have proposed
analytical solutions for this problem [20]. While, more complex models can be taken into account
for further evaluation of the classical Stefan problem: e.g., by introducing a so-called “mushy zone”
representing non-isothermal conditions and dealing with a finite thickness of this moving interface
zone, where the liquid and solid phases may coexist [21]. The solution method of the Stefan problem
and/or its extended formulation, can generally be subdivided into three different categories [22]: (i) the
fixed grid method, where the grid of spatial nodes, used for discretizing the problem, remains fixed
during time, thus the phase change is traced through auxiliary constitutive formulations and state
functions; (ii) the deformed grid method, where the nodes forming the grid may move to explicitly
follow the moving sharp front that occurs during the melting and/or solidification; (iii) and hybrid
methods, which are a combination of (i) and (ii). Most classical examples are those based on a further
development of the fixed grid method through following the enthalpy-based approach (EA) [23],
which mainly boils down into two alternative solutions: (i) the apparent calorific capacity method
(ACCM) [24] and (ii) the heat source method (HSM) [25].

In this context, the present study investigated the TES of mortars made of Recycled Brick
Aggregates containing PCMs. The main scope was to assess a numerical procedure for simulating the
effects of paraffin waxes on the thermal energy responses of mortars produced with different types and
amounts of PCM-RBAs. The results of a wide series of thermal tests [26] (DSC measurements, thermal
conductivity and special spherical tests, labelled DKK—Dynamische Kugel Kalorimetrie), carried out
on PCM, aggregates, plain mortars, and PCM-RBA mortars are summarized. The aforementioned
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experimental results are employed in an inverse identification procedure for unveiling the key
parameters that drive the TES of the mixtures.

Following this short introductive literature review, the paper is structured as follows. Section 2
addresses the enthalpy-based model and the ACCM resolution of it, employed for simulating the
phase transformation phenomena of the PCM-RBA mortars. Experimental results, outlined in terms
of TES results, are shown in Section 3. Section 4 outlines the spherical-based solution and numerical
implementation of the model procedure described in Section 2. In Section 5, numerical results and
comparisons against the experimental data are reported and discussed to demonstrate the soundness
and capability of the numerical procedure. Concluding remarks and future research outlook are
addressed in Section 6.

2. The Enthalpy-Based Model and Apparent Calorific Capacity

This section reports the enthalpy-based model that will be employed for predicting the phase
transformation phenomena of PCM-RBA mortars.

2.1. Basic Principles: Thermodynamics and Thermal Energy Storages

The enthalpy H of a thermodynamic system can be defined as

H = U + pV (1)

with U the internal energy, p the pressure and V the volume of the system.
Then, by introducing the first law of thermodynamics, for closed systems and an infinitesimal

process, the following equation can be stated as

dU = δQ− δW (2)

i.e., the variation of the internal system energy (dU) is equal to an infinitesimal amount of heat added
(δQ) minus an infinitesimal amount of work performed (δW).

Under the hypothesis that only p and V spend work (quasi-static process), δW = p dV.
It follows that

dU = δQ− p dV. (3)

Now, by evaluating dH from Equation (1) and using Equation (3), the following equation will be
achieved:

dH = dU + d(pV) = dU + dpV + pdV = δQ− pdV + dpV + pdV = δQ + dpV. (4)

For a constant pressure, which represents most cases of PCM-concrete systems of construction
and building applications, it can be assumed that a small variation of enthalpy is equal to a small
amount of heat added:

dH = δQ. (5)

2.2. Enthalpy Description and Apparent Calorific Capacity Method (ACCM)

In accordance with the fixed grid modelling method and with its discretization through the ACCM
approach (see reference [17]), the classical equation for describing a heat conduction problem can
written as follows:

∂Q
∂t

= ∇.(λ∇T) +
.
qv ∀ x ∈ Ω (6)

where Q is the heat of the system, t the time, λ = λ(T, x) the thermal conductivity of the material,
which depends on the temperature T and position vector x (of the considered body Ω),

.
qv is the possible

source term, while ∇. and ∇ are the divergence and gradient tensorial operators.
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Substituting Equation (5) into Equation (6) leads to the following equation:

∂H
∂t

= ∇.(λ∇T) +
.
qv ∀ x ∈ Ω (7)

which is the mostly adopted equation for solving phase changes in simulations for construction and
building applications, and it is known in literature as the enthalpy-based method.

Applying the chain rule to ∂H∂t of Equation (7),

∂H
∂t

=
∂H
∂T
∂T
∂t

(8)

and by introducing the concept of the Apparent Calorific Capacity Method (ACCM), the following
temperature-dependent (apparent of effective) heat capacity expression can be written [17]:

∂H
∂T

= ρCe f f (T) (9)

Thus, Equation (7) modifies into the following heat transfer equation.

ρCe f f (T)
dT
dt

= ∇.(λ∇T) +
.
qv ∀ x ∈ Ω (10)

Finally, the following initial condition (IC) and boundary conditions (BCs) complete the description
of the phase change problem:

IC: T(x, t = 0) = T0(x) ∀ x ∈ Ω (11)

BCs:

T(x, t) = TD ∀ x ∈ ΓT
(λ∇T) · n = q ∀ x ∈ Γq

(λ∇T) · n = h(Tenv − T) ∀ x ∈ Γc

(λ∇T) · n = κ(Trad − T) ∀ x ∈ Γr

(12)

where ΓT, Γq, Γc and Γr are the essential and natural (flux, convection and radiation) boundary
conditions of the domain Ω. TD is the specified temperature imposed at the essential boundary, q the
heat flux, h the heat convection and κ the radiation coefficients, respectively, Tenv the environmental
temperature, and, finally, Trad the external radiation source temperature.

3. Overview of the Experimental Test Data

This section reports the results of an experimental program performed for characterizing the
thermal-energy response of PCM-RBA mortar mixtures and their components. The experimental data
are used for validation of the numerical simulations discussed in Section 5.

Six mixtures were considered, having a w/c ratio of 0.5 and various amounts of PCM-RBA volume
fractions (Table 1). All mixtures were prepared according to EN 196-1 [27]. Recycled bricks (labelled
“SB”) and high porosity Poroton®fired-clay blocks (labelled “PB”) have been considered [28]. These
building materials, processed in the form of medium/coarse aggregates and provided by a local
company (SHW GmbH, Messel, Germany), were used as carriers (containers) for storing a predefined
volume of PCM.

RT 25 HC [29] paraffin waxes were used as PCM. They are characterized by a high crystallinity and
possess an excellent heat store capacity during phase changes, from solid to liquid and vice versa. The
thermo-physical properties of the paraffin wax, considered in this research, are a melting temperature
of 25 ◦C, a storage capacity of approximately 230 kJ/kg, a latent heat capacity of almost 200 kJ/kg,
thermal conductivity (in both phases) of 0.20 W/m × K, and densities of 880 (liquid)/770 (solid) kg/m3.
The PCM-RBAs were thus produced following an advanced encapsulation technique, proposed and
patented by the Institut für Werkstoffe im Bauwesen of TU-Darmstadt (Darmstadt, Germany) [30].
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Table 1. Overview of the six PCM-RBA mortars.

Labels REF-SB SB-65 SB-80 REF-PB PB-65 PB-80

Cement [kg/m3] 701.5 694.2 692.9 700.2 691.7 691.7
Water [kg/m3] 350.8 347.1 346.5 350.1 345.9 345.9

PCM-RBA [kg/m3] 655.2 719.3 734.0 664.0 728.9 743.9
Air cont. [V.-%] 2.3 2.9 3.0 2.4 3.1 3.1

w/c ratio [-] 0.50

The mixture names (labels) in Table 1 aim at providing the key information on the amount
of PCM, filling the RBA’s open porosity (expressed in volume fraction of the open capillary pore
space), and the type of RBAs considered in the mixture. For example, the label “REF-SB” refers to
the reference mixture (without PCM) using SB type of bricks; or “SB-65” indicates a mixture using
SB-bricks and a filling degree of PCM of 65 V.-% of the total SB-RBA open capillary porosity. The
complete description (materials, methods, results and discussion) of the experimental campaign is
available in Mankel et al. [28].

3.1. DSC Measurements: Aggregates, Paste, and PCMs

Differential Scanning Calorimetry (DSC) tests were performed for each component used in the
investigated PCM-RBA mortar mixtures. Their heat storage capacity has been expressed in terms of
bulk density times the specific heat capacity, i.e., ρ × Cp. Three samples per each component were
analyzed and the mean value for each of them was presented in this section. Particularly, the DSC
thermograms under either heating or cooling, for the cement paste with a w/c of 0.50 and for both SB-
and PB-RBAs, have been shown in Figure 1a. They were done within the temperature range of 10 ◦C
to 40 ◦C and using a heating/cooling rate of 10 K ×min−1. From these results, it can be observed that
the sensible behavior of both RBAs is almost similar, whereby a slightly higher sensible heat storage
capacity can be detected for the cement paste.
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Figure 1. ρ × Cp results of DSC measurements of (a) w/c = 0.50 cement pastes, SB and PB obtained
with a heating/cooling rate of 10 K ×min−1 and (b) Paraffin RT25HC with a heating/cooling rate of
0.25 K ×min−1.

In Figure 1b, the DSC results of the used paraffin wax (Rubitherm®RT25HC, Rubitherm
Technologies GmbH, Berlin, Germany) is shown. The test procedure was conducted in accordance with
the IEA DSC 4229 PCM Standard [31] to determine the final heating/cooling rate for the considered
dynamic DSC measurements. The adopted heating/cooling rate was 0.25 K × min−1 on the final
measured results. This value represented a compromise between accuracy of the results and acceptable
mitigation of heating rate measurements, fulfilling the IEA DSC 4229 requirements [31].
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DSC curves of the considered PCM, in Figure 1b, shows a sensible heat storage character of the
material in those temperature ranges, far from the phase change responses (e.g., in the solid and liquid
stages), and shows a pronounced latent peak in the region close to the temperature where the phase
change occurs (Tm = 24.5 ◦C for heating and Tm = 22.95 ◦C for cooling).

3.2. Thermal Conductivity of the PCM-RBA Mortars

The thermal conductivity of PCM-RBA mortar mixtures was determined using the Hot-Disk
transient plane source method [28]. For this aim, three samples of 150 mm × 150 mm × 80 mm cuboids
were tested. The measurements were done with a 9.9 mm diameter sensor, in three different specimen
sides. Steady-state conditions with a temperature of 20 ◦C were considered. In Figure 2, it can be
observed that all mixtures have quite comparable thermal conductivities, which range between 0.696
(min. value) and 0.846 (max. value) W/mK. As a general trend, it can be observed that the mixtures
with PB RBAs deal with slightly lower conductivities than the SB RBA ones. This can be attributed to
the higher porosity of the SB RBAs, which affect the overall conductivity of the composites. It could
also be observed that for higher PCM contents, the thermal conductivity is lower.

REF Filling degree 65 Vol. % Filling degree 80 Vol. %
SB 0,846 0,768 0,768
PB 0,712 0,696 0,725
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Figure 2. Thermal conductivity of the SB- and PB-RBA mortars, with and without PCMs.

Moreover, it can be also observed that the thermal conductivities are only slightly affected by the
different PCM volume fractions. A little increase of the thermal conductivity was measured for those
mixtures with a higher pore filling ratio (i.e. PB-80 in comparison with PB-65). This could be the result
of the allocation of paraffin wax into the capillary pore space of the composites, which leads to a slight
increase in heat conductivity of the PCM-RBAs since the considered PCMs are more conductive than
air. However, it can finally be concluded that immobilizing PCMs into the RBA porous structure does
basically not (e.g. SB-80 vs. SB-65), or only slightly (see, PB-80 vs. PB-65), modify the overall thermal
conductivity of RBA mortars.

3.3. Thermal-Energy Storage DKK Tests in Spherical Samples

Spherical-shaped specimens were used to monitor the time-dependent temperature evolution
of the PCM-RBA mortars. The adopted and patented non-conventional testing technique (namely
Dynamische Kugel Kalorimetrie), DKK [26]) was followed by the authors for the TES identification of
the composite materials under investigation. For each considered mixture, three spherical samples
were produced, and two thermocouples were positioned in the center of each sphere and at its outer
surface, respectively. Heating tests were done by using an isothermal conditioned oven with a fixed
temperature of 49 ◦C. Cooling tests were done with a climatic chamber fixing the temperature at ca.
9 ◦C.
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The graphs of Figure 3 show the average results (from three independent spherical specimens) of
the measured temperature evolution, in the center of the spherical samples, versus time. Heating and
cooling results are plotted for both PCM SB-brick and PB-brick mixtures. It can be seen that, for the
mortar mixtures casted with either SB or PB bricks, a delay of the temperature development takes place
when PCM-RBAs, with PCM filling degrees of 65 V.-% and 80 V.-%, are analyzed. The presence of PCM
and their melting/solidification behavior actually shifts the temperature curve into the right/down
direction for heating response (Figure 3a,c) and up/left for cooling (Figure 3b,d). Particularly, a
quasi-horizontal plateau of the temperature evolution data can be appreciated during both temperature
rise (heating) or temperature decrease (cooling), i.e. in the range between 21 and 26 ◦C the PCM
and vice versa. By taking into consideration the effect of PCM volume fractions, it appeared that
almost no thermal differences between the considered RBAs and PCM additions, i.e., 65 and 80%, exist.
Comparison of the temperature evolutions SB-65 with SB-80 or PB-65 with PB-80 show an almost equal
response. For each mixture and/or sample, the complete phase change of the paraffin was always fully
occurring, meaning that all PCMs were in their final state at the end of each heating or cooling test.
This is also shown in Figure 3 where the center of the spheres at the end of each cooling test has a
temperature less than 10 ◦C and under heating close to 50 ◦C, while the melting points range between
21–26 ◦C.
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Figure 3. Temperature evolutions of the DKK tests: (a) heating and (b) cooling of PCM-RBA mortars
with SB bricks, (c) heating and (d) cooling of PCM-RBA mortars with PB bricks. These results represent
the average of three measurements in the center of the spherical samples.

For a thorough discussion on the present experimental data, with emphasis on the DSC analyses,
conductivity measurements and DKK tests, reference is made to Mankel et al. 2019 [28].
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4. Numerical Implementation and Spherical-based Solution

4.1. D Spherical-Based Solution for the ACCM

Equation (10) is now transferred into spherical coordinates for predicting the thermal energy
storage behavior and temperature evolution in the tested specimens presented in Section 3.3.

From this, the following relation can be derived:

ρCe f f (T)
dT
dt

=
1
r2
∂
∂r

(
λr2 ∂T
∂r

)
+

1
r2 sin2 θ

∂
∂φ

(
λ
∂T
∂φ

)
+

1
r2 sinθ

∂
∂θ

(
λ sinθ

∂T
∂θ

)
+

.
qv (13)

where (r,θ,φ) are the radial distance and polar and azimuthal angles. Making use of the spherical
symmetry, the previous relationship can be significantly simplified as follows:

ρCe f f (T)
dT
dt

=
1
r2
∂
∂r

(
λr2 ∂T
∂r

)
+

.
qv. (14)

4.2. Schematization and Discretization

The ACCM model, under the assumptions of spherical geometry and symmetry, was solved
by means of the finite difference method. The heat-diffusion through the PCM-RBA mortar systems
was calculated by solving the differential equation previously described in Equation (14), having a
1D spherical-based hypothesis and by adopting heat convection (Robin) boundary conditions for
describing the environmental surface conditions of either a furnace or a climate chamber.

Thus, the boundary condition for the sample core at node “1” (Figure 4) was adiabatic, meaning
that the heat flux, q1, is null.

(a) (b)

Figure 4. (a) Finite difference (FD) space discretization scheme of a 1D-heat transfer in spherical
specimens; (b) FD molecule for implicit time using the Backward Euler Method and the Space
Central Method.

Sample core : q1 = −λ
(
∂T
∂r

)∣∣∣∣∣∣
r=0

= 0 (15)
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while the Robin boundary condition is applied at the outer surface (node “ns”)

Ambient condition : qns = −λ
(
∂T
∂r

)∣∣∣∣∣∣
r=R

= h
(
T f − Tr

)
(16)

where Tf is the ambient temperature (fixed by the oven or climatic chamber), Tr is the surface
temperature at r = R, while h is the heat transfer coefficient.

In this context, the Finite Difference (FD) space domain was discretized into ns spaces (namely
Finite Differences), leading to ns + 1 nodes and nt time discretization steps. Furthermore, a fully
implicit Euler Method for the transient problem was applied.

The differential equation shown in Equation (14), within a space domain with a length of R
between the node 1 to ns (see Figure 4a), can be solved as shown in the following scheme:

ρCe f f (T)
dT
dt

=
2 λ
r
∂T
∂r

+ λ
∂2T
∂r2 with r = (i− 1)Δr (17)

By using the implicit backward Euler Method for time (j) and central for space (i) (see Figure 4b),
Equation (17) can be discretized to

ρCe f f
(
Tj+1

i

)Tj+1
i − Tj

i
Δt

= λ
Tj+1

i+1 − Tj+1
i−1

(i− 1)Δr2 + λ
Tj+1

i−1 + 2Tj+1
i + Tj+1

i+1

Δr2 . (18)

The boundary condition, for the sample core at r = 0 (i = 1), has been further developed. The
right-hand side of Equation (17) can be simplified as follows [32]

lim
r→ 0

(
2 λ
r
∂T
∂r

+ λ
∂2T
∂r2

)
= 3λ

∂2T
∂r2 (19)

Then, by adopting the central difference approximation of the adiabatic boundary condition
expressed of Equation (15) and by using one ghost node (namely node “0”), the following expression
can be stated:

− λ
(
∂T
∂r

)∣∣∣∣∣∣
r=0

= −λTj+1
2 − Tj+1

0

2Δr
= 0 (20)

It follows that Tj+1
2 = Tj+1

0 and combining it into Equations (18) and (19), it can be easily achieved
the following expression of the adiabatic boundary condition:

ρCe f f
(
Tj+1

1

)Tj+1
1 − Tj

1

Δt
= 6λ

Tj+1
2 + Tj+1

1

Δr2 (21)

For the implementation of the Robin boundary condition at the outer surface of the specimens,
e.g. node r = R (i = ns), Equation (15) can be discretized in the following way:

− λ
Tj+1

ns−1 − Tj+1
ns+1

2Δr
= h

(
Tj+1

f − Tj+1
r

)
(22)

In Equation (22), the temperature at the ghost node r = R + 1 (i = ns + 1) is known, Tj+1
ns+1 = T f ,

thus the following expression can be rewritten:

Tj+1
ns+1 =

2 Δr h
λ

(
Tj+1

ns − Tj+1
f

)
+ Tj+1

ns−1 (23)
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Thus, Equation (16) can be easily written as

ρCe f f
(
Tj+1

ns

)Tj+1
ns −Tj

ns
Δt = λ

(
2 Δr h
λ

(
Tj+1
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(
2 Δr h
λ

(
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f

)
+Tj+1

ns−1

)
Δr2

(24)

and after some mathematical elaborations, the following expression can be achieved for the Robin
natural boundary condition:

ρCe f f
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)Tj+1
ns − Tj
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Δt
= 2
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⎞⎟⎟⎟⎟⎟⎟⎠
⎤⎥⎥⎥⎥⎥⎥⎥⎦ (25)

5. Numerical Results and Comparisons

This section reports the description of the numerical results and shows their comparisons against
the experimental data, which has been briefly outlined in Section 3. The numerical simulations
are based on the assumption that the PCM-RBA mortars can be considered as a continuum and
homogenous media. In this context, homogenized (meso-scale based) parameters were considered in
the selection of the input data for the numerical prediction.

5.1. Homogenized Macroscopic Ceff Model for the PCM-RBA Mixtures

A homogenization technique was employed for evaluating the effective specific heat capacity
Ceff of the PCM-RBA mortars. It is based on the mixture theory by using the volume percentages of
each individual component such as RBAs, cement paste and PCMs. More precisely, the model smears
out the specific heat capacity of the RBA CRBA(T), cement paste Cpaste(T) and the apparent specific
heat capacity of the PCM Capp,PCM(T) through adopting the volume fraction of each component as the
smeared out (weighting) factor χ.

The specific heat capacities of each component were experimentally determined with DSC
measurements (see Section 3.1) and are shortly summarized in Table 2.

Table 2. Overview of the six PCM-RBA mortars.

Cement Paste RBA PCM

Cpaste
Solid phase

CRBA
Solid phase Capp,PCM

Liquid phase
Phase change
Solid phase

Figure 1a Figure 1a Figure 1b

RBAs and cement pastes have only the sensible heat storage part (Figure 1a), while the PCMs have
an apparent specific heat capacity Capp,PCM(T) that incorporates the additional latent behavior within
the temperature range of the phase change (during melting and solidification, as shown in Figure 1b).

The evaluation of the specific heat capacities was determined in two consecutive steps. First,
at aggregate level, where the PCM-RBAs were considered as lumped components of RBAs (CRBA(T))
plus PCM (Capp,PCM(T)) and weighting their volume fractions χ to achieve the smeared Ceff,PCM-RBA(T):

PCM-RBAs : Ce f f ,PCM−RBA(T) = χRBA ×CRBA(T) + χPCM ×Capp,PCM(T) (26)

where χRBA and χPCMare the volume fraction of the recycled bricks and the filled PCMs, respectively.
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Then, at a composite level (i.e., PCM-RBA mortar) a homogenized overall system of the effective
specific heat capacity, Ceff, was determined by weighting the heat capacities Ceff,PCM-RBA(θ), evaluated
through Equation (26), and Cpaste(θ) of the individual material components by their volume fractions ψ:

PCM-RBA mixtures : Ce f f (T) = ψpaste ×Cpaste(T) +ψPCM−RBA ×Ce f f ,PCM−RBA(T) (27)

The exact volume fraction ratio between PCM-RBAs and cement paste, of the investigated
mixtures, were investigated by performing μ3D-XCT-scans [33] of the spherical specimens. Nine
2D-slices were extracted from each 3D body of the scanned spherical specimens (Figure 5) and mean
volume fractions of PCM-RBAs and cement paste were accurately determined by image analyses. An
average area ratio was evaluated for each slice by applying a recoloring of the surface area through
white and red pictures (Figure 5). The results of these analyses are shown in Figure 6 where the volume
fractions of paste and PCM-RBA were determined in both PCM.RBA mortars SB and PB.

The effective specific heat capacity of the composite systems, Ceff(T), were thus modelled using
Equations (26) and (27) by taking into account the determined volume fractions between cement paste
(including air voids) and PCM-RBAs (shown in Figure 6) and considering the specific heat capacities
of each component as summarized in Table 2.

Figures 7 and 8 shows the afore described Ceff(T) further multiplied by the bulk density ρ of the
PCM-RBA mortar systems (ρ = 1829.6 kg/m3 for REF-SB, 1710.37 kg/m3 for SB-65, 1671.6 kg/m3 for
SB-80, 1853.5 kg/m3 for REF-PB, 1767.25 kg/m3 for PB-65 and 1739.8 kg/m3 for PB-80).

Figure 5. μ3D-XCT-scans setup (a,b) and slices cross including image-segmentation (c,d) of the
spherical specimens.
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Paste PCM RBA
PCM RBA mortars SB 71.8 28.2
PCM RBA mortars PB 73.9 26.1
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Figure 6. Volume fractions of paste and PCM-RBA determined by image-analysis.
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Figure 7. ρ × Ceff of PCM-RBA mortar systems with SB bricks: (a) heating and (b) cooling.
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Figure 8. ρ × Ceff of PCM-RBA mortar systems with PB bricks: (a) heating and (b) cooling.

5.2. Numerical Prediction and Comparison

By implementing the ACCM procedure described in Sections 2 and 4, temperature evolutions
were simulated and compared with the experimental data reported in Section 3. More in detail, the
spherical samples made of RBA mortars (with and without PCMs) were simulated with the proposed
heat flow model. The input values were obtained from the conducted experimental measurements,
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as well as from the Ceff(T) curves described in Section 5.1. All input parameters employed in the
aforementioned simulations are summarized in Tables 3 and 4.

Table 3. Overview of the numerical parameters assumed for the SB mixtures.

Numerical Parameters REF-SB SB-65 SB-80

ρ Ceff (J cm−3 K−1) Figure 7
λ (W/m K) (Figure 2) 0.846 0.768 0.768

h (W m−2 K−1) 25.0

Table 4. Overview of the numerical parameters assumed for the PB mixtures.

Numerical Parameters REF-PB PB-65 PB-80

ρ Ceff (J cm−3 K−1) Figure 8
λ (W/m K) (Figure 2) 0.712 0.696 0.725

h (W m−2 K−1) 25.0

The thermal conductivities were assumed as temperature-independent and measured through
Hot-Disk tests, as outlined in Section 3.2. Then, the effective specific heat capacity Ceff(T) was modelled
by using the homogenized model as described before in this section. The number of FD space
discretization was chosen 100 while the number of time steps selected was 1000, in all simulations.
Moreover, the calibrated Robin heat transfer coefficient (h), representing the heat transfer conditioning
coefficient was the same for each mixture and reported in Tables 3 and 4.

The numerical simulations, based on the input parameters above mentioned, have been compared
against the experimental data of Section 3.3. In Figure 9, the six graphs show the temperature evolutions
for the control mixtures (Figure 9a,b), and for that one having PCM: i.e., SB-65 (Figure 9c), SB-80
(Figure 9e), PB-65 (Figure 9d), and PB-80 (Figure 9f). The experimental scatter of the result data for
each mixture have been also plotted in grey.

It can be observed that the modeling approach was able to simulate the experimental temperature
evolutions very accurately. In particular, the simulations of the reference mixtures represented in
Figure 9a,b show a very good agreement with the experimental results. Then, the simulations of
the mixtures TES enhanced with PCM also show good comparisons and trends as the experimental
values. A slightly overestimated latent effect can be observed, which results in a slightly amplified
shoulder in the temperature evolution (see Figure 9c–f). A reason for this effect can be attributed to
micro- and/or meso-structural effect, which can influence the effective thermal conductivity and the
melting/solidification activations of the integrated PCMs. This could lead to a slight deviation of the
latent effects.

In this context, it may be important to remark that almost all input parameters were chosen
from the characterizations of the thermal tests as well as from the homogenized Ceff model, which
is actually represented by the experimentally determined heat capacities of the individual material
components weighted by their volume fractions (see Section 5.1). Thus, with this set of input
parameters, a sound numerical prediction, for all six PCM-RBA mortar systems, could be achieved,
without the need of applying re-calibration and/or optimizations. The results also show that, with a
unique heat transfer coefficient, described as the h (Robin) parameter, the simulations for the reference
PCM-RBA mortar systems, REF-SB and REF-PB, are almost in perfect agreement with the corresponding
experiments. This supports the assumption that both the spherical symmetry and the hypothesis that
the composite PCM-RBA mortar systems could be considered by a homogeneous medium, were both
effectively correct.
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Figure 9. Experimental “DKK” vs. numerical results: (a,c,e) SB brick type mixtures and (b,d,f) PB brick
type mixtures.

6. Conclusions

Based on the results shown in this paper, the following conclusions can be drawn:

• An enthalpy-based model, formulated for spherical coordinates and symmetry, was proposed for
predicting the thermal energy storage in the tested PCM-RBA specimens.

• Thermal measurements, obtained from dynamic DSC and steady-state Hot Disk tests, were
employed for calibrating the model of the numerical activities.
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• A mixture theory, based on volume fractions deduced from 3D microμX-ray computer tomography
measurements, was used for generating the resulting meso-composite thermal parameters adopted
in the numerical analysis. Particularly the Ceff(T) curves have been based on this approach.

• The numerical simulations for the temperature evolution, compared with the experimental
DKK results, showed accurate and consistent agreement. It may be important to highlight that
these numerical results were just based on input parameters obtained from the experimental
characterizations of the mortar components.

• No fitting adjustments, re-calibrations, or numerical adaptions were necessary for reaching
good agreement between numerical to experimental data. This can confirm that on the one
hand the experimental activities were performed in an accurate way, and on the other hand,
that the numerical assumptions and procedures are very accurate to model TES responses in
cementitious materials.

Future numerical developments, which follow this research, will include micro-to-meso scale
analysis taking into considerations local effects like inclusions (PCM-RBAs), air bubbles, porosity, and
interface effects. These further steps will lead to optimizing the “best” recipe for achieving the most
performing energy-saving and sustainable cementitious composite.
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Abstract: The main goal of the paper is to calculate the heat conductivity for three experimental
hemp–lime composites used for structural construction purposes with the use of the experimental
stand inside two compartments. Due to current construction trends, we are constantly searching for
eco-friendly materials that have a low carbon footprint. This is the case of the analyzed material, and
additional thermographic heat distribution inside the material during a fire resistance test proves
that it is also a perfect insulation material, which could be applied in addition of popular isolating
materials. This paper presents the results of certain hemp–lime composite studies and the potential
for using hemp–lime composite for the structural construction industry. Hemp–lime composite
heat transfer coefficient, fire resistance, and bulk density properties are compared to those of other
commonly used construction materials. The obtained results show that the material together with
supporting beams made of other biodegradable materials can be the perfect alternative for other
commonly used construction materials.

Keywords: hemp–lime composite; thermal conductivity; low-energy buildings; specific energy
absorption; natural fiber

1. Introduction

The idea of sustainable development in construction, i.e., one that limits the negative impact
of buildings on the environment and is user-friendly, is gaining in popularity [1]. Building in an
eco-friendly way is becoming common not only among office space developers, who apply for
global Leadership in Energy and Environmental Design (LEED) or Building Research Establishment
Environmental Assessment Method (BREEAM) certificates, but also among individuals thinking
about building a year-round or recreational house [2]. Hemp lime is a material that has a chance to
revolutionize the world’s natural construction as it strongly fits into the trend of renewable resources.
It has a negative carbon footprint because during its growth, hemp absorbs more carbon dioxide
than is used later to make building materials [3,4]. Hemp lime has high thermal insulation, heat
accumulation, vapour permeability, is non-flammable, can be used as a fertiliser after demolition and
is 100% decomposable [5,6].

The objective of the work is the experimental identification of heat conductivity for three
experimental mixtures of hemp–lime composite used for construction purposes analyzed for the use
for construction of single-family buildings. Industrial hemp (Cannabis sativa L.) has a long history
with human civilization and was often found near early nomadic settlements close to streams in
well-manured areas [7]. Industrial hemp or Cannabis sativa L. is a quick-growing, annual herb with a

Materials 2020, 13, 1011; doi:10.3390/ma13041011 www.mdpi.com/journal/materials

233



Materials 2020, 13, 1011

multitude of uses covering a range of products derived from fiber or oilseed that have been known
throughout history [8]. True hemp (industrial hemp) found common application during the 19th
century. The sturdy fibers of the plant—well-known and valued for their strength—were used to make
ropes for maritime shipping and other industry, as well as paper and textiles [9]. Hemp use has been
suppressed in recent times, but due to its usefulness and the ecological advantages in harvesting hemp
over cotton and trees, there has been a call for hemp use which is growing worldwide [10].

The hemp–lime composite (Figure 1) consists of water, hemp shiv, lime, and other additives to
further improve its properties [5]. Mixing and compressing the components results in a light and
appropriately strong material whose structure makes it possible to fill any space or—when applying
special formwork—build a complete partition [11,12]. Hemp–lime composite may also be used to
make floor tiles or roof and ceiling insulation. Hemp–lime composite shows very poor load-bearing
strength and for that reason, it may only be used with specifically designed load-bearing structures or
pillars, most typically made of softwood timber [13].

 
Figure 1. Hemp–lime composite mixture 1.

Hemp lime composite debuted in the Polish market just a few years ago and needs extensive testing.
The material meets all the requirements for an environmentally-friendly product, a characteristic
that plays an ever more significant role [1,14] Some older technologies seem to experience a strong
comeback (such as thatched roofs and wooden or adobe homes) owing to their positive impact on
human health and comfort and since they utilize natural raw materials [15].

Hemp lime composite owes its excellent thermal conductivity properties to high hemp shiv
porosity [16]. Its properties attract even more people both in this country and abroad to launch
investigations and promote hemp–lime composite applications in the construction of new or improving
thermal insulation performance of the existing buildings [17–20].

Such composite materials can appear to have variations to their properties due to the existence of
structural changes [21]. The properties of the composite are influenced by many factors such as the
morphology of the filers, the orientation of the filers, porosity, degree of compaction, the distribution of
the filers, and others like gluing [22,23]. Also, some new information regarding nanotubes and fibers
in concrete and cementitious materials are worth mentioning [24,25].

Hemp lime composite leaves practically no carbon footprint as hemp shiv, from which it is made,
absorbs more CO2 from the atmosphere during its lifespan than the amount of CO2 released by the
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manufacturing process. Research showed that one ton of dry hemp sequesters almost 325 kgs of
CO2 [3].

In hemp–lime composite production, lime is used primarily as a binder, but it also helps inhibit
the growth of fungi and mold in the wall. The mixture uses special hydrated lime with an alkaline
pH to assure an appropriate biological environment and high vapor permeability of the product.
Lime also contributes to better thermal performance and fire resistance properties of hemp–lime
composite [26,27].

Hemp lime composite has found application in several construction technologies, one of which
includes formwork mounted on a wooden frame whose structure corresponds to the design layout
of the building walls, floors, and the roof [28]. The fresh mixture is then sprayed into the formwork,
compacted, and left to bind. Subsequently, the formwork is removed to allow the partition to dry.
Figure 2 shows hemp–lime composite techniques: casting monolithic walls, prefabrication of the entire
wall elements, spraying, and bricklaying [29].

 
(a) (b) 

 
(c) (d) 

Figure 2. Hemp lime composite techniques: (a) casting monolithic walls, (b) prefabrication of the entire
wall elements, (c) spraying, and (d) bricklaying [21].

2. Materials and Methods

Three different hemp–lime composite mixtures utilizing various binders were studied. Table 1
presents the percentage shares of the components of the tested composites.

Hemp lime composite mixtures study when completed will help define the basic heat conductivity
properties of the material, which remain unknown, but which are important for environmentalists and
researchers alike. As water plays different roles during the setting and the curing of hemp–lime, and
because we needed material with relatively low brittleness and relatively high strength, our experience
showed that the chosen in Table 1 water/cement (W/C) ratio was optimal [30,31].
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Table 1. Composite mixtures used for testing.

Binder Composite 1 Composite 2 Composite 3

Hydraulic lime 100% 10% -
Hydrated lime - 90% 70%

Portland cement - - 30%

So far, most product information has been supplied by manufacturers who, provide composite
performance characteristics, they rather do not specify the detailed composition of the mixtures they
use. Thus, comparing the material becomes quite difficult considering the great number of factors
affecting the product properties. Some basic factors determining the final properties of the product
include the following.

• Hemp shiv type and particle size fractions.
• Type of binder.
• Mixture component proportions.
• Mixing and material application methods.

Despite its ever-growing popularity, the composite properties have not been standardized yet, and
that is why it has become necessary to carry out as many tests as possible to establish both the result
repeatability and the properties of the product. The objective of our tests consisted of investigating the
following properties.

• Bulk density.
• Heat transfer coefficient.
• Fire resistance.

Bulk density is described as a property related to the internal structure of the material; also known
as apparent density, it determines the number of properties, such as thermal conductivity, strength,
weight, and others. A lime-hemp composite should have a density of 300–500 kg/m3 to assure adequate
strength and thermal resistance. Apparent density depends mainly on the materials used but also on
the density of the compacted mixture. Six samples of all the composite types were tested following
a 28-day long maturation process. All the samples were kept in 15 cm × 15 cm × 15 cm containers.
Table 2 presents the results obtained once the samples had been removed from the containers: the
obtained average sample size of each composite and its volume.

Table 2. Volume of the samples tested for three composite materials (Mixtures).

Mixture Used A (cm) B (cm) C (cm) Volume (m3)

Mixture 1 15.26 14.90 12.53 0.002849
Mixture 2 15.22 14.92 13.59 0.003086
Mixture 3 15.04 14.69 13.01 0.002874

Each container enclosed the same amount of the mixture. Compared to the volume of the wet
mixture found in the containers after it had been maturing for 28 days, Mixture 2 is based on hydrated
lime with addition of hydraulic lime demonstrated the least shrinkage and volume reduction. Mixture
1 is made of hydraulic lime and only showed the largest volume shrinkage. Table 3 presents the bulk
density of the samples following 28-day long maturation of each of the six prepared samples for three
composites and their averaged values.
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Table 3. Bulk density of the tested mixtures.

Sample No
Mixture 1 Mixture 2 Mixture 3

Bulk Density of the Samples Following 28-Day Long Maturation (kg/m3)

1 331.28 322.64 370.06
2 329.79 319.56 357.63
3 357.84 338.36 339.14
4 316.40 304.26 337.23
5 308.33 314.99 346.47
6 352.53 354.73 348.17

Average value 333.00 326.00 350.00

The bulk density of the tested composites seems to be similar; however, Mixture No 3, which also
had some amounts of Portland cement, showed a slightly higher density. The composite based on
hydraulic lime with some added hydrated lime presented the lowest apparent density, probably due to
the calcium oxide turning into calcium hydroxide and thus increasing its volume.

Note that the literature related to hemp–lime composites discusses a lot of other important
properties of the material. The compressive strength is one of the more common tests performed, as
we can see by the number of papers by Cazacu et al. [32], Kremensas et al. [33], Brzyski et al. [22,34],
or Li et al. [35]. As we can see from the information presented in these papers, the compressive
strength results obtained in those researches have different values, which vary up to 20% in some
cases depending on the mixture type. Another important factor, besides eco-friendliness, seems to
be in favor of the hemp–lime composite is its great acoustics properties. We can find many papers
related to this issue mostly dealing with the materials acoustic absorption by Kinnane et al. [36], or by
Gle et al. [37]. In the last three years, we can also see that a lot of scientists like Bourebrab et al. [38]
or Heidari et al. [6] are dealing with the surface coating of hemp–lime composites to increase their
resistance to humidity or life cycle.

The main goal of the paper was the calculation of the heat conductivity, which is also related
to the value of the heat transfer coefficient of a material. The heat transfer coefficient ”λ” expressed
as [W/m*K] describes the insulation properties of the material: the lower the value, the better the
insulation parameters of the tested material. To obtain experimental data, the mixtures have been
tested inside the two-compartment heat box experimental stand shown in Figure 3.

Figure 3. Two-compartment heat box experimental stand in cross section showing its two
main compartments.
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Both the inside and outside walls of the box are made of 1.0 cm thick plywood with a 5.0 cm thick
Styrofoam insulation layer inside. The box features two compartments separated by a 19.0 cm thick
insulated partition, which houses the sample to be tested. The sample is mounted with a clamping
frame designed to reduce heat transfer through leaks in the edges caused by the nonuniform structure
of the material. A 250W infrared lamp and a fan in Compartment 1 represent the heat source and
provide regular air circulation. The study required a sustained 15–20 ◦C temperature differential
between the two compartments be maintained for 2 h. The special insulation of Compartment 2
made it possible to reach the desired measurement stability. Testing a single sample continued for
2 h allowed the temperature and heat flux density to be stabilized. The materials used for testing
of the heat conductivity had been weighed and measured to determine their density. Fire resistance
of material means its durability, when exposed to high temperatures or flame, with some visual
or structural changes if acceptable. The fire resistance test was designed to investigate hemp–lime
composite behavior when exposed directly to an open flame and to analyze any ensuing structural
changes by calculating potential mass loss. Testing was also performed on three other composite
samples measuring 15 × 15 × 15 cm, with a Kemper gas burner of the manufacturer’s maximum rated
flame temperature of 1800 ◦C. The samples, set at a 10 cm distance away from the flame source, were
tested at the room temperature of 22.6 ◦C for 10 min. The entire procedure was recorded with a TESTO
885-1 infrared camera in order to observe the temperature distribution within the material. Figure 4
shows the measuring station.

 
Figure 4. Hemp lime composite flame test, with the tested sample placed at a distance of 10 cm away
from the flame source.

The primary energy needed by a home erected based on a single design, but in two different
technologies, is compared:

• Traditional brick structure: Porotherm, Styrofoam, and wool;
• Natural materials: mainly hemp–lime composite, wattle and daub, and timber.

To this end, energy profiles of the analyzed materials had been prepared using ArCADia TermoCad
software (PRO 7 version, Intersoft, Łódź, Poland). ArCADia-TERMOCAD is computer software
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available in several versions, it is one of the most popular programs on the Polish market designed
for preparing energy performance certificates required for construction, modernization, and lease
and sale transactions of buildings or premises, as well as for calculating the demand for heat and
cooling of rooms and facilities. In ArCADia-TERMOCAD PRO version it is possible to perform energy
audits, overhauls, and energy efficiency audits, e.g., for the purpose of obtaining modernization bonus.
It can also be used for BREEAM certified calculations. Thanks to a rich database, the user of the
program develop the necessary documents in accordance with the legal requirements applicable in
Poland. ArCADia-TERMOCAD program in all versions has a built-in, fully functional graphics editor
allowing to model the body of the building. The TERMOCADIA editor enables import of drawings
in DWG format and import and export of ArCADia BIM system projects. Its main purpose is to
perform building designs according to Building Information Modeling (BIM) technology assumptions.
In addition to traditional architectural documentation, the program also performs a digital building
model [39]. The homes featured an identical mechanical ventilation system capable of recovering
roughly 60% of the heat, the same window frames and doors whose heat transfer coefficients complied
with the 2020 design standards.

The calculations were performed for a single-family two-story home with a loft and a total floor
area of ~220.0 m2. Building energy performance certificates were issued based on the brick home
design, while for our simulation we used the hemp–lime composite home that had been modified by
changing its partition structure, i.e., using hemp–lime composite and other natural materials instead.
The partitions were fabricated taking into account designers’ and home contractors’ new technology
recommendations and guidelines. For our comparative analysis, we selected a new building made
of commonly used construction materials as shown in Figure 5. The external walls of the home
were made of 24.0 cm wide Porotherm ceramic blocks insulated with 20.0 cm thick Styrofoam (the
picture shows the home without the facade). The home features Teriva ceilings and a timber roof
truss with complete formwork that has been insulated with 30.0 cm thick Rockwool and covered with
ceramic tiles. The “warm installation” method was used to install the balcony doors and windows.
The building is heated with a gas-heated condensing boiler.

 
Figure 5. The analyzed building constructed with traditional materials.

3. Results

Testing was performed while the box was tightly closed. During the tests, the obtained value of the
heat transfer coefficient was comparable to that found in the literature and reported by manufacturers.
The calculated value of the coefficient was also used later on in the study to determine the power demand
of a single-family home constructed with hemp–lime composite. Table 4 presents the results of six
samples of the hemp–lime composite that showed the most favorable (lowest) heat transfer coefficient.
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Our calculations indicate a traditionally constructed building requires 85.35 kWh/m2 × year of
nonrenewable primary energy. The energy characteristics provide a lot of vital information about the
material and its environmental impact. Table 5 shows selected major highlights of the building energy
performance characteristics.

Table 5. Energy consumption and the environmental impact of a traditional building.

Building Energy Characteristics Evaluation

Energy characteristics indicators Analyzed building
Annual usable energy demand EU = 52.37 kWh

(m2×year)
Annual final energy demand EK = 71.90 kWh

(m2×year)
Annual demand for nonrenewable

primary energy EP = 85.36 kWh
(m2×year)

CO2 emission unit ECO2 = 0.01497 1 CO2
(m2+year)

The percentage share of renewable energy
Resources in annual final energy demand URER = 0%

A hemp–lime composite building requires nonrenewable primary energy amounting to 44.81
(kWh/m2 × year).

The thermogram shown in Figure 6 illustrates the temperature distribution within the composite;
the picture proves the material has good insulation properties since it does not allow for heat
to be transferred to the other side. Manufacturers, suppliers, and various websites promoting
hemp–lime often claim fire resistance properties of hemp–lime, but, however, do not provide any
actual data [40]. The literature review did not list any research papers pertaining to the fire properties
of hemp–lime [41,42]. A clear standard for fire resistance tests is still missing for this type of material
samples. The American Society for Testing and Materials (ASTM) did not have a restrictive standard
for this type of material. But they are working on a new standard [43]. Nevertheless, fire-resistant
tests, under very restrictive conditions, have been performed for the investigated composite sample.
The temperature of the flame was 1800 ◦C during 10 min of testing time. After that time the surface of
the sample shown in Figure 6 warmed up to a maximum of 165 ◦C.

 
Figure 6. Sample thermal distribution following the flame test.

Following a 10 min-long flame test, the composite failed to ignite and showed no tendency to
spread the fire. The only effect observed was limited to a certain glow and carbonization of the
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composite structure, which became considerably weakened around the area exposed to the flame and
prone to crumbling. The exposure to flame and oxidization resulted in the composite sample losing
some mass. The composite samples had all been carefully weighed using a lab-scale both prior to and
following the flame test. Table 6 shows the weight loss results.

Table 6. Mass loss calculations following the flame test.

Sample No
Sample Mass

before the Test (g)
Sample Mass after

the Test (g)
Mass Loss after

the Test (g)
Mass Loss

Percentage (%)

1 1582.0 1568.4 13.6 0.9
2 1541.4 1533.8 7.6 0.5
3 1598.8 1589.4 9.4 0.6

The composite based on a hydrated and hydraulic lime binder showed the smallest mass loss of
0.5%, whereas Mixture No 1 lost the most mass compared with other tested mixtures. In summary,
results of the hemp–lime composite flame test lead to the conclusion that the material is non-flammable
and that using hydrated lime binder may improve the material fire resistance. Following exposure
to direct flame, the material structure within the area affected by the high temperature had changed
causing significant material weakening due to its increased looseness.

As various materials have been used, losses caused by partition permeability will vary considerably.
Figure 7 shows total heat losses due to material permeability.

Figure 7. Comparison of total heat losses due to material permeability.

The building made of natural materials clearly shows much better heat insulation performance
compared to a traditional building, owing to lower heat losses attributable to permeability which may
reach as much as 4500 kWh per year.

4. Discussion

The proposed single-family building structure used hemp–lime composite and other natural
materials only. As mentioned before, the same architectural design as the one developed for a building
constructed in traditional technology was used. The building energy performance characteristics were
then developed for the proposed design using the ArCADia TermoCad software. Commonly available
materials and technologies were used to build the hemp–lime composite building. The average value
of the coefficient for the composite with the lowest heat transfer coefficient was assumed in Table 7.
Table 7 illustrates the structural partition layout required as an atypical construction material was used.
For our simulations, we used the results of certain prior hemp–lime composite tests, mainly the heat
transfer coefficient of 0.046 W/(m*K) and the 370 kg/m3 material density.
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Table 7. The main partition structure of a hemp–lime composite building.

No External Wall
d

(m)
λ

(W/m·K)
R

(m2K/W)

External partition

1 Clay 0.015 0.850 0.018
2 Concentrated hempcrete 0.400 0.046 8.696
3 Wattle mat 0.010 0.070 0.143
4 Clay 0.015 0.850 0.018
- Internal partition - - UC = 0.11 W

m2K

No Inside Ceiling
d

(m)
λ

(W/m·K)
R

(m2K/W)

Inside partition

1 Oak fibers lengthwise 0.030 0.400 0.075
2 Pine and spruce fibers crosswise 0.025 0.160 0.156
3 Concentrated hempcrete 0.200 0.046 4.348
4 Pine and spruce fibers crosswise 0.025 0.160 0.156
- Outside partition - - UC = 0.20 W

m2K

No Ground Floor
d

(m)
λ

(W/m·K)
R

(m2K/W)

Outside partition

1 Granulated blast furnace slag,
Keramzyt 700 0.300 0.200 1.500

2 Concentrated hempcrete 0.150 0.046 3.261
3 Sand-lime plaster 0.080 0.800 0.100
4 Oak fibers lengthwise 0.025 0.400 0.063

Inside partition UC = 0.20 W
m2K

No Roof
d

(m)
λ

(W/m·K)
R

(m2K/W)

Outside partition

1 Wattle slabs 0.350 0.070 5.000
2 Pine and spruce fibers crosswise 0.025 0.160 0.156
3 Hempcrete 0.150 0.044 3.409
4 Pine and spruce fibers crosswise 0.025 0.160 0.156
5 Straw slabs 0.010 0.080 0.125
6 Clay 0.030 0.850 0.035
- Inside partition - - UC = 0.11 W

m2K

The data characterizing the tested material (hemp–lime) were entered into the library of
ArCADia-TERMOCAD program, which enabled to calculate the coefficients of penetration of individual
building partitions (walls, ceiling, floor, and roof) and, as a result, to determine the energy demand
of the whole analyzed building. Next, the obtained results were compared with a building made
of traditional building materials used in Poland. The obtained results are presented in Figure 7.
The analysis allows to draw a conclusion do that the examined composite can be an alternative
to traditional materials, and the calculated energy demand for objects with the same functional
arrangement and dimensions is lower for the examined material, which confirms the advisability of
using natural materials in single-family buildings.

5. Conclusions and Observations

The study was designed to analyze the potential of using natural construction materials for
single-family buildings. To perform such an analysis, researchers developed their own natural material
to take advantage of the hemp life cycle potential for sustainable construction industry. The most
significant benefits of using hemp–lime composite include its potential for use as a non-combustible,
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renewable and natural raw material with a zero-carbon footprint, and good thermal insulation
properties. The lime–hemp composite is very light thanks to its high porosity and low bulk density,
which ranges from 300 to 400 kg/m3. The parameters give hemp–lime composite very good thermal
insulation properties with the thermal conductivity coefficient ranging from 0.038–0.055 (W/m*K),
depending on how much the shiv has been compacted and what mixing method was applied. The heat
transfer coefficient obtained during the calculations had the value of UC = 0.11 (W/m2*K) for external
wall and 0.20 (W/m2*K) for inside wall with the addition of the hemp–lime composite. The above value
makes it possible to erect walls without any additional insulation needed: the hemp–lime composite
is a technology that eliminates thermal bridges in the building. The material was also tested for its
flame resistance; the sample did not ignite following a 10 min-long exposure to an open 1800 ◦C flame,
because the material contains lime which not only improves its flame resistance but it also protects
it from biological degradation corrosion or fungal deterioration [44]. The test results clearly show
the use of hydrated lime binder may enhance the material fire resistance characteristics. Utilizing
the established properties and parameters of hemp–lime composite, a simulation study was carried
out for a home built with hemp–lime composite. A comparison of the power demand characteristics
points to a conclusion that a building made of hemp–lime composite will use less energy of each kind,
i.e., primary energy Ep, usable energy Eu, and final energy Ef. The only plus of a brick home is that
construction materials are easily available at properly qualified contractors. Brick partitions hardly
meet the required heat diffusion parameters and the production and application of such materials have
been found harmful and detrimental both to the environment andhuman health. Several conclusions
may be drawn based on our tests:

• Further development of conventional building materials is not critical for the construction industry
since nature offers the best choices it is up to us to use them properly

• Knowledge of hemp–lime as a building material is still at the beginning of the process. In spite
of the new research undertaken in this area, there are still no unified standards to ensure the
appropriate parameters of a given composite

• A great variability of parameters, such as the conductivity, fire, weather, and biological resistance,
of the hemp–lime composite is related to so many factors such as morphology of the fillers, the
orientation of the filler particles, porosity, the method and the ratio of compaction, the distribution
of the filers and many others

• The authors acknowledge the importance of these factors in terms of hemp–lime structure-related
issues. This is a very wide range of interdisciplinary research the authors are in the process of
preparing samples of the composites for further investigations.
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27. Pietruszka, B.; Gołȩbiewski, M.; Lisowski, P. Characterization of Hemp-Lime Bio-Composite. In Proceedings
of the IOP Conference Series: Earth and Environmental Science, Prague, Czech Republic, 2–4 July 2019.

28. Bevan, R.; Woolley, T. Constructing a Low Energy House From Hempcrete and Other Natural Materials. In
Proceedings of the 11th International Conference on Non-conventional Material Technology (NOCMAT2009),
Bath, UK, 6–9 September 2009.

29. Bevan, R.; Woolley, T. Hemp Lime Construction: A Guide to Building. with Hemp lime Composes; IHS BRE Press:
London, UK, 2008.

30. Brocklebank, I. The lime spectrum. Context 2006, 97, 21–23. Available online: https://www.kalkforum.org/
uploads/pdf/artikler/The_Lime_Spectrum_pdf.pdf (accessed on 23 February 2020).

31. Colinart, T.; Glouannec, P.; Chauvelon, P. Influence of the setting process and the formulation on the drying
of hemp concrete. Constr. Build. Mater. 2012, 30, 372–380. [CrossRef]

32. Cazacu, C.; Muntean, R.; Gălăt,anu, T.; Taus, D. Hemp Lime Technology. Bull. Transilv. Univ. Braşov 2016, 9,
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Abstract: Understanding the mechanisms that govern the conductive properties of multifunctional
cement-materials is fundamental for the development of the new applications proposed to enhance
the energy efficiency, safety and structural properties of smart buildings and infrastructures. Many
fillers have been suggested to increase the electrical conduction in concretes; however, the processes
involved are still not entirely known. In the present work, we investigated the effect of graphene
nanoplatelets (1 wt% on the electrical properties of cement composites (OPC/GNPs). We found a
decrease of the bulk resistivity in the composite associated to the enhancement of the charge transport
properties in the sample. Moreover, the study of the dielectric properties suggests that the main
contribution to conduction is given by water diffusion through the porous network resulting in ion
conductivity. Finally, the results support that the increase of direct current in OPC/GNPs is due to
pore refinement induced by graphene nanoplatelets.

Keywords: electrical conductive concrete; multifunctional composite; conductive filler; graphene
nanoplatelets; dielectric properties; electric properties

1. Introduction

In recent years, the interest on the smart city concept to promote environmental sustainability
through the implementation of new technologies has shown a large growth. New construction
technologies have been investigated to enhance the energy efficiency, safety, and structural performance
of buildings and infrastructure. In this framework, the development of multifunctional cement-based
materials has a key role. Indeed, a strong effort is needed to design innovative concretes that could
serve as structural material with tailored functional behavior to meet specific requirements.

Multifunctional cement-based materials have been proposed for several applications [1]. Regarding
the infrastructure, much interest has been devoted to snow melting and de-icing systems with conductive
concrete composites as heating elements [2–4], cathodic protection of steel reinforcement concrete
to prevent corrosion damages [5–7] and traffic sensors with conductive concrete [8]. Cement-based
composites have been proposed for grounding systems [9,10] as well as electromagnetic wave
shielding [11,12]. Regarding the development of smart buildings, structural health monitoring systems
are fundamental for the modern structures and concrete composite sensors are a good candidate due to
the intrinsic compatibility with the cement matrix [1]. Finally, multifunctional cement-based materials
have been suggested for the development of structural supercapacitors [13–15].

All the applications mentioned above base their efficiency on the conductive properties of the
structural material. However, it is well known that concrete is characterized by an insulating behavior.
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To overcome such a drawback, different conductive fillers have been indicated as good aggregates to
achieve the design of conductive concrete [1,16]. Metal conductive admixtures have been proposed
with the addition of steel fibers and micro fibers [17–19] and steel shaving [2]. Among the carbon
admixtures, graphite [20–22], carbon fibers [3,18,19,23–26] and graphene [27,28] have been investigated
for electrical conductive concretes. Finally, carbon nanomaterials gathered a lot of attention as they have,
beyond high electrical conductivity, unique physical properties [16,29]. Among carbon nanomaterials
employed in concrete composites we mention carbon black [30,31], carbon nanotubes [32–35] and
nanofibers [36–40], as well as graphene nanoplatelets [41–45].

Performance of electrical conductive concrete depends clearly on the nature and amount of the
filler. However, it has been demonstrated that water as well plays a crucial role in the conduction
mechanism. Indeed, electrical resistivity depends on aging due to changes of pore water amount [18,40]
and an ionic conduction in wet concretes has been observed due to the free water molecules [46].
Nonetheless, the conductive mechanism in cement-based materials is still not completely understood.
Moreover, the studies on the effect of fillers on electrical properties focused the attention mainly on the
formation of a conduction path.

With the aim of elucidating the processes involved in conduction in cement-based materials and,
in particular, of investigating the role of water molecules and the indirect impact of the addition
of fillers, we studied graphene nanoplatelets/cement composite by means of dielectric spectroscopy
technique at different temperatures. Such a technique, commonly used to study conductivity in ceramic
materials [47–52] and dielectric and electrical properties of porous systems [53–60] and polymer
composite [61–68], is a very suitable tool due to its unique properties. In fact, due to its large frequency
range, it is possible to investigate the impedance and dielectric response of the material on different
time scale and, therefore, to obtain information on the different processes involved in the ionic and
electronic conduction phenomena. First, due to the strong response of dielectric spectroscopy to water
amount, thermal gravimetric analysis results are shown. Therefore, the impedance response of the
specimens is examined to understand how graphene nanoplatelets affect the electrical properties.
Finally, the dielectric response of the system is discussed to reveal the conduction mechanism and the
role of the filler.

2. Materials and Methods

In this study, two samples were prepared: OPC paste (as reference) and OPC/Graphene
nanoplatelets (GNPs) composite. To focus the attention on ion conduction, the porosity of the system
was increased by using a water-to-cement ratio of w/c = 0.6 and curing the samples during seven
days. Moreover we added only 1 wt% of GNPs to keep the sample below the percolation threshold
suggested by literature [41] to minimize the electrical conduction that may contributes when a complete
conductive path is formed. The cement used was CEM II/A-LL 42.5 R and GPL from GrapheneTech
(Zaragoza, Spain) was used as filler. This product presents a specific surface area around 200 m2 g−1,
lateral size between 500–1000 nm and a carbon content above 97%. For sample preparation, first
powders were mixed using a mechanical blender at low speed (350 rpm) for 1 min to obtain a uniform
dispersion of GNPs in the OPC powder. Afterwards, ultrapure water was added and the solution was
mixed at 750 rpm. Both sets were cast in cylindrical silicone molds with d = 4 cm and sealed. After
24 h, specimens were demolded and cured in water for 7 days. Finally, the cylinders were crashed into
fine powder and kept overnight in desiccator with silica gel before measured.

Thermal gravimetric analyses were carried out using a TGA-500 (TA Instruments, New Castle,
DE, USA) to investigate the water amount in the samples and verify if any phase transformation occurs
when GNPs are added. All the measurements were conducted under high-purity nitrogen flow over a
temperature of 303–1173 ◦C with a ramp rate of 5 K/min.

A broadband dielectric spectrometer, Novocontrol Alpha-A, (Novocontrol, Montabaur, Germany)
was used to measure the complex dielectric permittivity, defined as ε∗(ω) = C∗(ω)/C0 =

1/(iωZ∗(ω)C0) = ε′(ω) − iε′′ (ω) where C0 is the capacitance of the free space, C* is the complex
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capacitance function, Z* is the complex impedance and ω = 2π f the angular frequency with f the
applied electric field frequency. Data were collected over a broad frequency range, from 10−2 to 106 Hz.
Samples were prepared by placing the sample powder between two parallel gold-plated electrodes of a
diameter of d = 30 mm and thickness of about 0.7 mm. First, the sample was kept at room temperature
inside the spectrometer during 10 min to overcome humidity signal. Therefore, isothermal scans were
performed on heating every 5 degrees over the temperature range of 290–310 K. Temperature was
controlled by a nitrogen gas flow with stability better than ±0.1 K.

3. Results and Discussion

3.1. Thermal Gravimetric Analysis

Thermal Gravimetric Analysis (TGA) and Differential Thermal Gravimetric (DTG) (TA instruments,
New Castle, DE, USA) measurements allow to identify the different water population in the sample.
These data are deeply relevant for the interpretation of the dielectric response of the material. TGA
and DTG curves of OPC and OPC/GNPs samples are shown in Figure 1. Clearly, both TGA and
DTG measurements share similar temperature dependence behavior. The first peak at ~98 ◦C in
DTG curve is associated with evaporable water in C-S-H gel and ettringite [69,70]. At ~140 ◦C we
observe a further decrease in weight than can be related to gypsum or amorphous carbon illuminate
hydrate decompositions [71]. Moreover, a stiff decrease is observed in TGA curve in the range
between 390 ◦C–460 ◦C. Such event is associated to the dehydroxylation of Ca(OH)2 [72]. Finally,
the peak at around ~680 ◦C is related to the decarbonation, together with possible solid-solid phase
transformations [69].

Figure 1. Thermal Gravimetric (TG) (a) and Differential Thermal Gravimetric (DTG) (b) curves for
OPC and OPC/GNPs samples.

In OPC/GNPs sample, a further peak in DTG curve is observed at ~825 ◦C. In Table 1, the weight
percent loss corresponding to water and portlandite is shown. Both samples are characterized by
a similar amount of free water (~7 wt%) at a temperature lower than 105 ◦C) and physical bound
water of hydrates (~7.5 wt%). Moreover, OPC and OPC/GNPs specimens contains the same amount of
Portlandite (15 wt%).

Table 1. Free water, non-evaporable water cw% and portlandite content obtained by TGA analysis.

Sample Free Water Bound Water Ca(OH)2 (%)

OPC 7 7.2 15
OPC/GNPs 6.5 7.5 15
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3.2. Impedance Response

The complex impedance function is defined as:

Z∗ = Z′ + iZ′′ (1)

where the real part and the imaginary part are defined as Z′ = R and Z” = 1/ωC, with R and C resistance
and capacitance respectively. The plot in the complex Z”-Z′ plane, called Nyquist plot (Z” vs. Z′), in the
temperature range investigated (290–310 K) is shown in Figure 2. This representation allows to separate
bulk properties from electrode polarization [73,74]. In the OPC sample, in the low frequency region
(right side of the figure), a sloped line that can be related to cement-electrode interface contribution is
observed [75–77]. At around 40 Hz, the line starts to diverge to a broad and asymmetric semi-circle
corresponding to an overlap of polarization mechanisms in the bulk. From the intersection between
interface and polarization contributions the bulk resistance value of 8.9 KΩ at 300 K was extracted.
When graphene nanoplatelets are added to the cement paste some relevant changes in the Nyquist plot
are observed. In fact, a stretching of the semi-arcs for frequencies higher than 40 Hz was clearly noticed
and the bulk resistance at room temperature decreased to 3.9 KΩ indicating an enhance of charge
transport in the composite sample. Such behavior is confirmed when the real part of the impedance of
the reference is compared to that of the composite. In fact, the resistance of the OPC samples is, at low
frequencies, almost three times higher than that measured for OPC/GNPs (see Figure 3a) and, even
though such difference decreases with frequency, Z′ values of OPC are still two times larger than those
observed in OPC/GNPs for f > 1 KHz. This effect has been already observed in alkali activated slag
(AAS) composites with graphene and carbon nanotubes addition and it was related to the creation of
conductive paths resulting in a reduction of electrical resistance [78–80]. However, due to the small
amount of GNPs in our composite, a continuous conductive path is not formed as demonstrated by
Bai et al. [41]. In Figure 3b, the capacitance of OPC and OPC/GNPs at 300 K is compared. In the
low frequency region, the addition of graphene nanoplatelets increases the electrical capacitance of
three times. However, as the frequency increased, the difference between the two samples almost
disappeared. Finally, we observed an increment of C values as a function of temperature (Figure 4):
Such effect appears stronger for f ≤ 1 KHz and, in particular, in the composite sample. Summarizing,
an enhancement of electrical capacitance and charge transport properties is observed when 1 wt% of
GNPs is added to the cement paste. As such an amount of filler is not sufficient to create a complete
conductive path, a deeper analysis must be carried out to clarify how the fillers lead to the electrical
improvements in the composite.

 
Figure 2. Nyquist plot of the impedance of OPC (a) and OPC/GNPs (b). Dashed line is the extrapolation
to high frequencies of the cement-electrode interface contribution.
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Figure 3. (a) Dependence of the real part of the complex impedance function as a function of frequency.
(b) Frequency dependence of capacitance at 300 K.

Figure 4. Temperature dependence of the capacitance as at 100 Hz (a), 1 KHz (b) and 1 MHz (c).

3.3. Dielectric Response

Dielectric Spectroscopy allows us to investigate molecules dynamics, charge transport and
interface interactions through the study of dipole reorientations when an alternative electric field is
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applied. In fact, depending on the temperature and frequency range, different dipole relaxations are
observed, reflecting the distinct nature of the processes and interactions with the environment.

Through the characterization of the energy activations and characteristic relaxation times the
information on the origin of the processes can be extracted. Moreover, the complex conductivity function
can be calculated from the dielectric loss according to the relation σ∗(ω) = σ′(ω) + iσ′′ (ω) = iωε∗(ω)
and, hence, it is possible to investigate the mechanisms that mark the electrical properties of the system.
Figure 5 shows the variation of the real part of the complex conductivity σ′(ω) in the temperature range
290–310 K. The presence of GNPs leads to an increase of σ′(ω) values in the whole frequency range.
In both samples, the same frequency pattern is observed: (1) frequency dependent conductivity at high
frequencies (f > 105 Hz) indicating an alternating current (ac) dominating contribution (2) an almost
flat region related to the direct current (dc) (101 to 105 Hz) (3) a drastic drop at frequencies <100 Hz
due to electrode polarization effects. Data were analyzed by using:

σ′(ω) = σDC + Aωn (2)

where σDC is the dc conductivity, A is the pre-exponential factor and n is the exponential factor with
values between 0 and 1 [81]. The resulting parameters are listed in Table 2. As expected, σDC increases
with temperature in both reference sample and composite. Moreover, the n parameter values of 0.17
tend low compared to those obtained for ionic conductors, 0.5 < n < 1, [82] and they are independent
from both temperature and graphene nanoplatelets addition. In contrast, the values of σDC are affected
by GNPs: indeed, at room temperature they increase 4 times with respect to those measured in the
reference sample at room temperature, and this effect grows with temperature.

Figure 5. Electrical conductivity σ′(ω) as a function of frequency in the temperature range 290–310 K
of OPC (a) and OPC/GNPs (b).

Table 2. Parameters obtained from the Arrhenius equation applied to data in Figure 5.

OPC OPC/GNPs

T(K) σDC (S/cm) A n σDC (S/cm) A n

290 3.9 × 10−7 3.11 × 10−7 0.17 1.8 × 10−6 5 × 10−7 0.17
295 6.0 × 10−7 3.6 × 10−7 0.17 2.4 × 10−6 6.1 × 10−7 0.17
300 7.0 × 10−7 4.1 × 10−7 0.17 2.9 × 10−6 6.9 × 10−7 0.17
305 7.6 × 10−7 4.6 × 10−7 0.17 3.2 × 10−6 7.7 × 10−7 0.17
310 8.5 × 10−7 4.7 × 10−7 0.17 3.6 × 10−6 8.3 × 10−7 0.17

Additionally, the temperature dependence of conductivity was analyzed considering the dc
conductivity as a thermally activated process with activation energy calculated according to the
Arrhenius relation [83]:

σDC = σ0 exp(− EA
kBT

)
(3)
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where σ0 is the pre-exponential factor associated with the charge carrier mobility and density of states,
EA is the activation energy, kB is the Boltzmann constant and T is the temperature. The obtained
activation energies, shown in Table 3, are low compared to those found for hopping conductivity
(typically about 0.7–0.9 eV) [84]. Finally, we observed a decrease of the activation energy as we add
graphene nanoplatelets. Figure 6 compares the variation of the real and imaginary part of the complex
permittivity function of the samples with frequency at different temperatures. Regarding the real
part ε′ (Figure 6a,c) a strong dispersion in the low frequency region is observed, followed by an
almost frequency-independent behavior above 10 Hz. The decrease of ε′ can be attributed to electrode
polarization and Maxwell-Wagner effect [85]. In the composite sample, we found higher values of ε′
at room temperature for f < 10 Hz. Moreover, we observed a severe temperature dependence of the
dielectric constant that reach values almost one order of magnitude higher than in the reference sample.
Regarding the imaginary part of the complex permittivity (Figure 6b,d), spectra of both specimens are
characterized by a strong dispersion, as observed in ε′.

Table 3. Activation Energy (EA) and pre-Exponential Factor (log [σ0]), which were obtained from the
Arrhenius equation.

Sample Log [σ0] (s) EA (eV)

OPC −1.5 0.28
OPC/GNPs −1.2 0.26

Figure 6. Frequency dependence of real and imaginary part of permittivity in OPC, (a,b), and in
OPC/GNPs, (c,d), in the temperature range 290–310 K.

Hence, in order to investigate the relaxation processes occurring in the samples, we focused our
attention on the loss tangent [85] defined as:

tgδ(ω) =
ε(ω)′′

ε(ω)′
(4)

In Figure 7a the spectra of the loss tangent of the reference, measured at different temperatures,
are shown. In the whole temperature range the presence of two peaks is noticed. The most intense has
the maximum centered at around 30 KHz and it does not show a strong dependence on temperature of
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the maximum position. On the other hand, the less intense peak at lower frequency is characterized
by a clear dependence on the temperature of the peak maximum. Spectra of the loss tangent of the
OPC/GNPs sample are shown in Figure 7b. The peak in the high frequency region is more intense
than that found in OPC sample, even though the temperature dependence appears to be similar.
On the other hand, the low frequency peak shows a different behavior when temperature is increased:
The position of the maximum does not change with temperature, while the intensity increases.

 
Figure 7. Variation of loss tangent in OPC (a) and OPC/GNPs (b) as a function of frequency in the
temperature range 290–310 K.

Regarding the origin of those contributions, the peak at lower frequency appears where polarization
effects were found both in the impedance response and in conductivity. Therefore, we believe that this
contribution is given by electrode polarization or Maxwell-Wagner effect instead of some relaxation
process. On the contrary, the intense peak of loss tangent appears in the frequency region where direct
current is observed. A contribution with a similar weak temperature dependence was found at room
temperature and at the same frequency range also in other porous materials [86–88]. In these works,
the peak was related to the percolation of charge carriers through the porous network. To confirm this
origin, we analyzed deeper the dielectric loss tangent spectra. In Figure 8 the relaxation times extracted
from the position of the maximum of the peak are shown as a function of the inverse of temperature.
In the composite specimen, a slight decrease of the relaxation times is observed. Furthermore, we
observed a linear temperature dependence of log (τ0) typical of a simply thermal activated process.

Figure 8. Temperature dependence of relaxation times extracted by the position of the peak maximum
in the loss tangent.

Therefore, with the aim of obtaining information on the nature of the relaxation processes,
the temperature dependence of τ values has been fitted with an Arrhenius law:

τ = τ0 exp(− EA
kBT

)
(5)
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where τ0 is the pre-exponential factor the characteristic relaxation times of the process, EA is the
activation energy, kB is the Boltzmann constant and T is the temperature. The resulting activation
energy and pre-exponential factor parameters are shown in Table 4. First, we observed that the values
of the pre-factor are larger than those typically observed for molecular vibrations (τ0 ≈ 10−14–10−12 s).
Moreover, the activation energies are similar to those found for the self-diffusion of ions through water
in argillaceous rock porous network [89]. It is worth noting that the values of the activation energy
calculated by the dielectric loss tangent correspond to those obtained by the direct current analysis
indicating a correlation between these quantities. Therefore, we can associate the intense peak observed
in dielectric loss tangent to the percolation of water molecules contributing to ion conductivity.

Table 4. Activation Energy (EA) and pre-Exponential Factor (log [τ0 (s)]) values obtained from the
Arrhenius equation applied to data in Figure 8.

Sample Log [τ0 (s)] EA (eV)

OPC −10 0.30
OPC/GNPs −9.5 0.26

Finally, such a scenario is supported by modulus formalism analysis with complex modulus
defined as:

M∗ = M′ + iM′′ =
1
ε∗ (6)

In Figure 9 the peaks of Z”, M” and tgδ (normalized to the maximum value) are shown. We
observed a significant mismatch between the position of the peak of the maximum in the imaginary
part of electric modulus and the imaginary part of impedance. Such condition indicates a short-range
nature of the motion of the charge carriers instead of long-range hopping mechanism [90].

Figure 9. Comparison of tgδ, M” and Z” as a function of frequency at 300 K in OPC (a) and OPC/GNPs
(b).

Trying to elucidate how the presence of graphene nanoplatelets affect conductivity in cement
paste, we summarize the main results of this work: First we observed an enhancement of the
electrical properties in the composite by means of impedance response study, while dielectric response
investigation proved that the main mechanism of charge transport is water percolation. At first sight,
an increase of conductivity might be related to an increase of charge carriers in the composite, that is
more water molecules in the specimen with GNPs. However, TG and DTG measurements showed that
the samples have similar free water and bound water amount. Therefore, it is not possible to associate
a raise of conductivity to an increase of charge carriers caused by GNPs presence. Consequently,
the addition of graphene nanoplatelets must lead to some topological changes in the cement paste.
This interpretation is supported by previous experimental works. In fact, it has been shown how the
addition of graphene nanoplatelets lead to a refinement of the pore structure [43,91]. A small amount
of GNPs reduces the percentage of macropores, even though the total porosity is slightly affected
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suggesting a broader distribution of small gel pores in the composite. Moreover, during the hydration
process, C-S-H particles bonded to graphene flakes act as a nucleation site and promote the growth of
C-S-H gel with higher crystallinity degree [92]. Under this scenario, we can explain the increase of
ionic conductivity in relation with the enhancement of ordered C-S-H gel that promote a smoother
diffusion of water molecules through the porous network. This would also explain the decrease of
the energy activation of the relaxation process associated to water percolation and the slight smaller
values of its relaxation times in OPC/GNPs sample.

4. Conclusions

With the aim of understanding the processes involved in conduction in cement-based materials,
OPC cement paste and OPC/GNPs composite were studied by dielectric spectroscopy over a broad
frequency range (10−2–106 Hz) and at different temperatures. At low frequency, the enhancement
of charge transport properties, reflected by the decrease of bulk resistivity and Z′, is observed once
graphene nanoplatelets are added to the cement paste. Moreover, the electrical capacitance shows
higher values in the composite over all the frequency range investigated. Finally, the effect of GNPs on
the dielectric response of the system was also investigated. Regarding conductivity, larger values of
direct current was found in OPC/GNPs. Information on the origin σDC was extracted by analyzing
its temperature dependence: EA and n parameters calculated for both samples suggest that the main
contribution to direct current is given by ion diffusion. Moreover, at around ~104 Hz, an intense peak is
found in the loss tangent spectra. Previous dielectric studies on porous systems found a similar process
related to water percolation through the pore network. The relaxation times associated to the maximum
of this contribution were studied as a function of temperature: the calculated activation energy is close
to that found for σDC in the same frequency window and, therefore, these processes are correlated.
Hence, we associated the intense peak observed in dielectric loss tangent to the percolation of water
molecules contributing to ion conductivity. With respect to the role of the filler in the conduction
enhancement, an increase of conductivity in the composite cannot be associated with an increase
of charge carriers because TG and DTG measurements revealed that GNPs do not affect the water
populations in the pore network. As graphene leads to a refinement of the pore, we propose that the
enhancement of conductivity is mainly given by the ordered C-S-H gel structure growth around GNPs
promoting the water diffusion and, therefore, resulting in an increase of conduction. It is clear that our
results are calling for new experiments devoted to exploring the subtle changes provoked by GNP
into the cementitious pore-network to favor the water percolation. In that sense, the combination
of experiments and techniques like SANS [93,94], H-NMR [95,96], porosity measurements [97] can
provide valuable help in understanding the conductivity of cementitious composites.
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Abstract: One of the structural elements used in the construction of insulating glass units (IGUs) are
tight gaps filled with gas, the purpose of which is to improve the thermal properties of glazing in
buildings. Natural changes in weather parameters: atmospheric pressure, temperature, and wind
influence the gas pressure changes in the gaps and, consequently, the resultant loads and deflections
of the component glass panes of a unit. In low temperature conditions and when the atmospheric
pressure increases, the component glass panes may have a concave form of deflection, so that the
thickness of the gaps in such loaded glazing may be less than its nominal thickness. The paper
analyses the effect of reducing this thickness in winter conditions on the design heat loss through
insulating glass units. For this purpose, deflections of glass in sample units were determined and
on this basis the thickness of the gaps under operating conditions was estimated. Next, the thermal
transmittance and density of heat-flow rate determined for gaps of nominal thickness and of thickness
reduced under load were compared. It was shown that taking into account the influence of climatic
loads may, under certain conditions, result in an increase in the calculated heat loss through IGUs.
This happens when the gaps do not transfer heat by convection, i.e., in a linear range of changes in
thermal transmittance. For example, for currently manufactured triple-glazed IGUs in conditions
of “mild winter”, the calculated heat losses can increase to 5%, and for double-glazed IGUs with
10–14 mm gaps this ratio is about 4.6%. In other cases—e.g., large thickness of the gaps in a unit,
large reduction in outside temperature—convention appears in the gaps. Then reducing the thickness
of the gaps does not worsen the thermal insulation of the glazing. This effect should be taken into
account when designing IGUs. It was also found that the wind load does not significantly affect the
thickness of the gaps.

Keywords: glass in building; insulating glass units; heat loss in buildings; climatic loads

1. Introduction

Generally used in the building industry as a filling of windows or glass facades, insulating glass
units (IGUs) consist of two or more component glass panes, connected at the edges with a glass spacer.
The space between the component glass panes forms a tight gap filled with gas. In order to improve
the thermal performance of the building partition constructed this way, the gap is filled with gas with
lower thermal conductivity than air, most often argon. Further improvement of the performance is
achieved by the use of component glass panes with a low-E coating—such a coating must be located
on the side of the gap because it corrodes quickly when exposed to weather conditions. The tightness
of the gap in insulating glass units is therefore a necessary factor to maintain good thermal insulation
of transparent glazing [1,2].

Tight gaps, however, determine some specific properties of IGUs in the context of environmental
loads transfer and the associated deformation of structural elements. The gap is filled with gas in the
production process of the unit, therefore the gas in the gap has some initial parameters of pressure,
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temperature, and volume. Under operating conditions, an insulating glass unit is exposed to climatic
loads which generate loads and deflections of the component glass panes due to the pressure difference
between the gap and the environment. For example, an increase in atmospheric pressure or a decrease
in the gas temperature in the gap results in a concave form of deflection of the panes (Figure 1a) and
the opposite changes of these parameters in a convex form (Figure 1b). The magnitude of the under or
overpressure in the gap depends not only on the value of climatic loads, but also on the structure of
IGU. In general, it increases with reduced IGU dimensions (width × length), increased thickness of the
gas gap, and increased thickness of the component glass plates. How the pressure difference affects the
deflections in IGU will be presented later in this article.

In the case of wind exposure (Figure 1c), the tightness of the gap has a positive effect on the
load distribution in an IGU. Due to changes in gas pressure in the gaps, the external load is partly
transferred to the other panes of the unit.

 

 
Figure 1. Typical deflections of insulating glass units: (a) concave form of deflection, (b) convex form
of deflection, (c) deflection characteristic of wind load.

The deflections of the glass described above result in deformation of the image viewed in the
light reflected from the glass in windows or on glass facades (Figure 2). It is important that under
conditions of low air temperatures, i.e., during the heating season, insulating glass units tend to take
the concave form of deflection. The result is a reduction in the thickness of the gas space—especially
in the central part of the glazing, where the component glass panes are closest to each other—which
makes it possible to reduce the thermal insulation of the IGU.

 
Figure 2. Visible distorted reflection of the image of the neighboring building from both insulating
glass unit (IGU) component glass panes indicates the concave form of deflection of the unit.

The aim of the analysis carried out in the paper was to determine the effect of taking into account
the reduction in thickness of gas-filled gaps in insulating glass units in winter conditions on the
calculated heat losses through these partitions. The analysis was made for example for double- and
triple-glazed IGUs. A detailed numerical quantification of this phenomenon was carried out for
various IGU constructions.
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In the literature, studies describing previous research in this area can be found: Barnier and
Bourret [3] analyzed the effect of plate curvature in IGUs on the thermal transmittance (Ug-value).
The authors determined the Ug-value for IGUs with variable gap thickness (limited by the surfaces of
deflected panes), considering the average gap thickness in the loaded IGU as reliable. The authors
stated that this assumption becomes reasonable when plate curvature is small and it is certainly
acceptable in the conduction regime, where the convective movement is not significant. This article
provides the results of sample calculations for double- and triple-glazed units under winter conditions.
It was found that taking into account the plate curvature increases the calculated Ug-value from 4.4% to
5.8%. Calculations were also made to account for changes in weather conditions (typical meteorological
year) for Montreal and Toulouse. The results indicate that Ug may vary up to 5% above and 10% below
the yearly average.

Hart et al. [4] analyzed the Ug-value calculated from real deflections of double and triple-glazed
units, measured in summer and winter at several locations in the USA. It was found that a 20 ◦C
temperature difference reduces thermal performance by 4.6% for double-glazed IGUs and by 3.6% for
triple-glazed IGUs.

Penkova et al. [5] presented examples of numerical analysis and experimental research regarding
both parameters related to heat flow and climate loads. However, no detailed analysis of the change in
thermal transmittance related to the deflections in the IGUs was carried out.

Thermal imaging photographs illustrating a decrease in thermal insulation in the central part
of the glazing were published as well [6]. Examples are presented where the temperature in the
central part of the glazing is 1–3 ◦C higher than the average on its surface (in images from the outside).
An example of an IGU in which the component panes came into contact due to climatic loads is
also presented.

2. Methodology for the Calculation of Static Quantities in IGUs

The methods of calculation of static quantities in double-glazed IGUs loaded with climatic
factors are described in the literature. Mention may be made here of analytical models presented
in papers [7–10] and numerical models allowing for consideration of the possibility of non-linear
deflections of component glass [11,12]. The results of calculations presented in this paper were obtained
using the author’s analytical model proposed in the article [13], which allows to calculate the load and
deflection of component glass panes in units with any number of tight gaps.

The basis for the calculation of static quantities in IGUs is the assumption that the gas in the gaps
meets the ideal gas equation:

p0 · v0

T0
=

pop · vop

Top
= const, (1)

where:

p0, T0, v0—initial gap gas parameters: pressure [kPa], temperature [K], volume [m3], obtained in the
production process,
pop, Top, vop—operating parameters—analogously.

It is also assumed that the glass panes are simply supported at the edges and that the linear
dependence of deflection w [m] of the component glass pane on its resultant surface load q [kN/m2] is
assumed. The latter assumption is considered to be sufficiently accurate if the deflection is not greater
than the thickness of the glass [14]. The deflection function of a simply supported single pane of the a
[m] width and b [m] length, subjected to the q [kN/m2] load, placed centrally in the x-y coordinate
system, can be recorded as [15]:

w(x, y) =
4qa4

π5D

∑
i=1,3,5...

(−1) (i−1)/2

i5
cos

iπx
a
·
(
1− βi · thβi + 2

2 · chβi
· ch

iπy
a

+
1

2 · chβi
· iπy

a
· sh

iπy
a

)
, (2)
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with
βi =

iπb
2a

, (3)

D [kNm] is the flexural rigidity of glass pane:

D =
E · d3

12 · (1− μ2)
, (4)

where:

d—is the glass pane thickness [m],
E—is the Young’s modulus of glass [kPa],
μ—is the Poisson’s ratio [-].

Change in gap volume Δv [m3] resulting from the deflection of one of the limiting glass pane may
be determined by integration of Equation (2):

Δv =

b/2∫
−b/2

a/2∫
−a/2

w(x, y)dxdy, (5)

Δv =
4qa6

π7D

∑
i=1,3,5...

(−1)(i−1)/2

i7
· sin i·π

2

(chβi)
2 · (4 · βi + 2 · βi · ch(2 · βi) − 3 · sh(2 · βi)), (6)

After the relevant calculations have been made:

Δv = α′v · q · a6

D
= αv · q, (7)

where:

α′v—is the dimensionless coefficient dependent on the b/a ratio (Table 1) [-],
αv—is the proportionality factor, [m5/kN].

Any change in climatic conditions (atmospheric pressure, temperature, wind) results in a change
in the gas pressure in the gaps which affects the resultant operating load of each of the component
glass panes. For each gap of an IGU it is possible to formulate the equation of state:

p0 · v0 · Top = pop ·
(
v0 +

∑
Δv

)
· T0, (8)

where:

ΣΔv—is the change in gap volume caused by deflection of both panes limiting it [m3].

As already mentioned in the article, double- and triple-glazed IGUs were analyzed. In the
remaining part, the parameters of the individual component glass panes and gaps were marked with
appropriate indices (Figure 3). It is also assumed that loads and deflections are positive if they face the
interior, i.e., from left to right as in Figure 3.
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Figure 3. Index designations of IGU elements and location of low-emission coatings (dashed line):
(a) double-glazed IGU, (b) triple-glazed IGU.

Taking into account the adopted markings and conventions, Equation (8) for a double-glazed IGU
can be presented in the form:

p0 · v01 · Top1

T0
= pop1 ·

[(
pop1 − cex

)
· αv,ex +

(
pop1 − cin

)
· αv,in

]
, (9)

with
cex = pa + qz,ex, cin = pa − qz,in, (10)

where:

pa—current atmospheric pressure [kPa],
qz,ex, qz,in—load per area from outer factors, primarily wind [kN/m2], almost always qz,in = 0.

After the relevant transitions have been made:

B · p2
op1 −A · pop1 −

p0 · v01 · Top1

T0
= 0, (11)

with
A = cex · αv,ex + cin · αv,in − v01, (12)

B = αv,ex + αv,in. (13)

Equation (11) has one solution giving non-negative results:

pop1 =
A

2 · B +

√( A
2 · B

)2
+

p0 · v01 · Top1

B · T0
. (14)

In the case of a triple-glazed unit, a system of quadratic equations should be solved:

⎧⎪⎪⎪⎨⎪⎪⎪⎩
pop1·

[
v01 +

(
pop1 − cex

)
·αv,ex +

(
pop1 − pop2

)
·αv,1−2

]
− p0·v01·Top1

T0
= 0

pop2·
[
v02 +

(
pop2 − pop1

)
·αv,1−2 +

(
pop2 − cin

)
·αv,in

]
− p0·v02·Top2

T0
= 0

(15)

This system has no analytical solution, but it can be solved numerically by iteration.
After calculating the operating pressure pop for each of the gaps, the resultant loading q for each

of the component glass panes can be determined:

• for a double-glazed IGU
qex = cex − pop1, qin = pop1 − cin, (16)

• for a triple-glazed IGU

qex = cex − pop1, q1–2 = pop1 − pop2, qin = pop2 − cin (17)
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Deflection wc [mm] in the center of the glass pane can be determined by the formula:

wc = α
′
w · q · a4

D
· 1000, (18)

where:
α′w—is the dimensionless coefficient dependent on the b/a ratio (Table 1) [-].

Table 1. Coefficients for calculating volume change and deflection for simply supported glass pane.

b/a 1.0 1.1 1.2 1.3 1.4 1.5

α′v 0.001703 0.002246 0.002848 0.003499 0.004189 0.004912
α′w 0.004062 0.004869 0.005651 0.006392 0.007085 0.007724

b/a 1.6 1.7 1.8 1.9 2.0 3.0

α′v 0.005659 0.006427 0.00721 0.008004 0.008808 0.017055
α′w 0.008308 0.008838 0.009316 0.009745 0.010129 0.012233

However, the average deflection of the component glass panes wm [mm] was determined from
the formula:

wm =
Δv
a · b · 1000. (19)

3. Materials and Methods

Thermal transmittance Ug [W/(m2·K)] of IGUs was calculated on the basis of the methodology
described in standard [16], and heat losses were expressed by density of heat-flow rate Φ [W/m2] from
the formula:

Φ = Ug · (ti − te), (20)

where:

ti, te—are the internal and external air temperature [◦C].

The heat flow through an insulating glass unit is complex—through conduction, convection,
and radiation. The thermal resistance of gas-filled gaps Rs [(m2·K)/W] has the greatest influence on the
U-value. For each gap:

Rs =
1

hg + hr
, (21)

with

hg =
λg ·Nu

s
, (22)

hr =
4 · σ · T3

m
1
εsur1

+ 1
εsur2
− 1

, (23)

where:

hr—is the thermal conductance by radiation [W/(m2·K)],
hg—is the thermal conductance of gas (by conduction and convection) [W/(m2·K)].
λg—is the thermal conductivity of gas [W/(m·K)],
s—is the gas gap thickness [m],
Nu—is the Nusselt number [-],
σ—is the Boltzmann constant 5.6693 × 10−8 W/(m2·K4)
Tm—is the average temperature of both surfaces delimiting the gap [K],
εsur1, εsur2—are the emissivity of surfaces delimiting the gap [-].
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It is particularly important whether convection occurs in the gaps. In the case of narrow gaps
(Nu < 1) it is assumed that convection does not occur—thermal insulation of the gap increases linearly
with its thickness. If a certain gap thickness limit (for Nu = 1) is exceeded, the effect of convection
is taken into account. In this non-linear range (for Nu > 1) thermal insulation of the IGU does not
improve. The value of this thickness limit depends on many factors (see also [17,18]), first of all on:

• the type of gas; the calculation was based on the use of argon,
• location in the structure; the calculations assume a horizontal position, in units situated horizontally

or diagonally convection increases.
• increasing the temperature difference on the surfaces of the glass panes limiting the gap affects the

increase in convection,
• convection also increases when the average gas temperature in the gap increases.

The thermal resistance of the gaps is primarily influenced by the use of low-emission glass.
Glass without coating has a standard coefficient of emission of ε = 0.837. Application of low-emission
coating reduces the emissivity of the plate surface, which results in a significant reduction of heat
transfer by radiation. Currently, in Central and Northern Europe, IGUs are most often produced,
in which each gap is adjacent to one coated surface and one without coating (Figure 3). This solution is
most often used in units currently produced in Central and Northern Europe. The values εsur1 = 0.837
and εsur2 = 0.04 were used in the calculations.

Glass conducts heat well, therefore the thickness of the glass panes has no significant effect on the
Ug-value. Physical parameters of argon were adopted on the basis of the standard [17].

Of course, thermal insulation is also affected by thermal surface resistance at the external side
(Re [(m2·K)/W]) and at the internal side of a window (Ri [(m2·K)/W]). They depend primarily on the
positioning of the window in the structure and the velocity of air (a short analysis on this subject is
presented in Chapter 5). The calculations assumed Ri = 0.13 (m2·K)/W (vertical position) and Re = 0.04
(m2·K)/W (for wind velocity V = 4 m/s). These are often accepted comparative values, also in the
standard [16].

The calculations according to the adopted model require the use of numerical methods, because
we encounter several interdependent values here. For example, the temperature values of gas and
glass surfaces depend on the temperature distribution in the cross-section of the IGU. This distribution
depends on the resulting thermal resistance values. The results of calculations were obtained by
iteration after building the appropriate spreadsheet, assuming the steady state of heat transfer.

Figure 4 shows the effect of gap thickness s [mm] on the design Ug-value for double- and
triple-glazed IGUs, with glass thickness d = 4 mm, assuming ti = 20 ◦C and in two variants of the
outside air temperature te = 0 ◦C and te = −20 ◦C. The dashed line was used to determine the limits of
gap thickness at which Nu = 1.

 
Figure 4. The dependence of the Ug-values of IGUs on the thickness of the gaps.
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Figure 4 shows that at low temperatures te the limit thickness decreases. It can also be stated that
in the case of triple-glazed IGUs, the difference in temperature in the gap is smaller, and the thickness
of the boundary increases.

4. IGUs Under Pressure and Temperature Changes—Presentation and Discussion of Test Results

An analysis of the influence of climate loads on heat loss through IGUs under winter conditions
was carried out for sample units with dimensions 0.7 × 1.4 m. Glass material parameters were adopted
according to the standard [19]: E = 70 GPa, μ = 0.2.

It was also assumed that the following initial parameters were obtained in the argon-filled gaps
during the production process T0 = 20 ◦C = 293.15 K, p0 = 100 kPa. In these conditions, the component
glass panes are flat.

Two variants of the temperature drop load were used.
Variant 1. Reduced temperature conditions: ti = 20 ◦C, te = −20 ◦C; the gas temperature in

each gap was calculated for each case based on the temperature distribution in the particular IGU:
for a double-glazed IGU Top1 = −2.37 to −2.25 ◦C, for triple-glazed IGU Top1 = −10.09 to −9.66 ◦C,
Top2 = 7.60 to 7.97 ◦C.

Variant 2. Conditions for a “mild winter”: ti = 20 ◦C, te = 0 ◦C; gas temperature: for a double-glazed
IGU Top1 = 8.80 to 9.01 ◦C, for triple-glazed IGU Top1 = 4.97 to 5.08 ◦C, Top2 = 13.66 to 14.10 ◦C.

First, the effect of varying glass thickness on the gap width in the loaded set was investigated.
IGUs with 16 and 12 mm gap thickness were analyzed in various combinations of 3, 4, and 6 mm
thick panes. It was assumed that IGUs are only loaded with the temperature drop, as in variant 1, i.e.,
the current atmospheric pressure pa = p0 = 100 kPa. The results of the calculations are presented in
Table 2.

The resultant loading qex and qin (absolute value) illustrates the underpressure in the gaps in
relation to atmospheric pressure. The parameter q1-2 is the difference in operating pressure between
the gaps in a triple-glazed IGU. From Equations (18) and (19) the extreme deflection (in the center
of the pane) wc and the average deflection wm (the wm values are given between parentheses) were
calculated for each pane.

On the basis of these deflections, the minimum gap thickness in the center of the IGU sc [mm] and
the average gap thickness sm [mm] were calculated.

On the basis of the calculations presented in Table 2, it was found that the calculated values of sc

and sm for analyzed IGUs with gaps of the same nominal thickness do not differ much from each other.
This is despite the fact that the deflection of component glass panes varies considerably. The effect of
gas interactions in tight gaps can be seen here. Rigid panes are less susceptible to deflection, but the
external load is less compensated for by the gas pressure in the gap. After changing the thickness of all
the panes in a unit, the load changes, but the deflections are similar. Therefore, when one of the glass
panes changes to a stiffer one, the absolute load values of component glass panes increase, although
their algebraic sum for each IGU is equal to 0. After such conversion, the less rigid panes deflect
more because they are exposed to a higher loading—for this reason, a loaded IGU has approximately
constant volume of gaps, despite the change in thickness of the component panes.

To identify the extent of the phenomenon described above, another example was solved. Figure 5
shows the influence of IGU width (at a constant ratio b/a = 2) on the maximum deflection of component
panes wc in double-glazed units at 3, 4 i 6 mm thick panes and 16 mm thick gap. It was assumed that
IGU is loaded only by a change in atmospheric pressure by Δp = pa − po = 3 kPa. This means that the
current atmospheric pressure is pa = 103 kPa. It can be added here that the results of calculations of
static quantities are not very sensitive to the value of po, and to a significant extent to Δp. This means
that if we assumed, for example, po = 950 kPa i pa = 980 kPa, the results would be almost identical.
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Table 2. Static quantities and gap thicknesses in IGUs—under reduced temperature conditions
(Variant 1).

Structure of
IGU [mm]

Resultant Loading q
[kN/m2]

Deflection wc (wm) [mm]
Resultant Thickness of Gap s

[mm]

ex 1-2 in ex 1-2 in
gap 1 gap 2

sc1 sm1 sc2 sm2

dex-s1-din Double-glazed units

4-16-4 0.218 - −0.218 1.36
(0.59) - −1.36

(−0.59) 13.28 14.82 - -

6-16-4 0.330 - −0.330 0.61
(0.27) - −2.08

(−0.90) 13.31 14.83 - -

4-12-4 0.164 - −0.164 1.03
(0.45) - −1.03

(−0.45) 9.94 11.10 - -

6-12-4 0.251 - −0.251 0.47
(0.20) - −1.57

(−0.68) 9.96 11.12 - -

3-12-3 0.070 - −0.070 1.04
(0.45) - −1.04

(−0.45) 9.92 11.10 - -

dex-s1-d1-2-s2-din Triple-glazed units

4-16-4-16-4 0.463 −0.117 −0.346 2.90
(1.26)

−0.73
(−0.32)

−2.16
(−0.94) 12.37 14.42 14.57 15.38

6-16-4-16-4 0.840 −0.311 −0.529 1.56
(0.68)

−1.94
(−0.85)

−3.34
(−1.44) 12.50 14.47 14.63 15.41

4-12-4-12-4 0.345 −0.087 −0.258 2.16
(0.99)

−0.54
(−0.24)

−1.61
(−0.70) 9.30 10.77 10.93 11.54

6-12-4-12-4 0.631 −0.233 −0.398 1.17
(0.51)

−1.46
(−0.63)

−2.49
(−1.08) 9.37 10.86 10.97 11.55

6-12-3-12-4 0.540 −0.112 −0.429 1.00
(0.43)

−1.66
(−0.72)

−2.68
(−1.17) 9.34 10.85 10.98 11.55

3-12-3-12-3 0.149 −0.037 −0.112 2.21
(0.96)

−0.55
(−0.24)

−1.66
(−0.72) 9.24 10.80 10.89 11.52

Figure 5 shows that that greater diversity of deflections for units of different component panes
thickness occurs in the case of smaller IGU sizes. Then, however, the deflection values are smaller and
it can be expected that changes in the gap thickness are also small.

 
Figure 5. Dependence of the deflection of component glass panes wc on the width of the IGU
(atmospheric pressure increase of Δp = 3 kPa).
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In the context of the above, further analysis was carried out for IGUs with the same thickness
of component glass panes d = 4 mm and different gap thicknesses s were assumed. Table 3 presents
calculations of wc, wm, sc, and sm values for units loaded with temperature change as in variant 1 and
simultaneously operating loading with external atmospheric pressure increase of Δp = 3 kPa. These are
particularly unfavorable operating conditions in the context of reducing the thickness of the gaps.
An analogous calculation was carried out for variant 2 (Table 4).

Based on the above data, Table 5 (for variant 1) and Table 6 (for variant 2) present the results of
calculations of the thermal transmittance U and the density of heat-flow rate Φ [W/m2]:

• Ug, Φg—describe heat loss without taking into account the curvature of the panes, calculated for
the nominal thickness of the gaps,

• Uc, Φc—describe possible local heat loss near the IGU center, i.e., where the distance between the
panes is the smallest, calculated for the thickness of the gaps sc,

• Um, Φm—describe the average heat loss through the IGU, calculated for the thickness of the
gaps sm.

Finally, the percentage increase in the calculated quantities is also presented (ΔΦc, ΔΦm) for units
of nominal gap thickness.

Table 3. Static quantities and gap thicknesses in IGUs under reduced temperature conditions (Variant
1) and atmospheric pressure increase by Δp = 3 kPa.

Structure of
IGU [mm]

Resultant Loading q
[kN/m2]

Deflection wc (wm) [mm]
Resultant Thickness of Gap s

[mm]

ex 1-2 in ex 1-2 in
gap 1 gap 2

sc1 sm1 sc2 sm2

dex-s1-din Double-glazed units

4-16-4 0.295 - −0.295 1.84
(0.81) - −1.84

(−0.81) 12.32 14.38 - -

4-14-4 0.259 - −0.259 1.62
(0.70) - −1.62

(−0.70) 10.76 12.60 - -

4-12-4 0.233 - −0.233 1.39
(0.61) - −1.39

(−0.61) 9.22 10.78 - -

4-10-4 0.187 - −0.187 1.17
(0.51) - −1.17

(−0.51) 7.66 8.98 - -

dex-s1-d1-2-s2-din Triple-glazed units

4-16-4-16-4 0.613 −0.114 −0.500 3.83
(1.67)

−0.71
(−0.31)

−3.13
(−1.36) 11.46 14.02 13.58 14.95

4-14-4-14-4 0.540 −0.100 −0.440 3.38
(1.47)

−0.63
(−0.27)

−2.75
(−1.20) 9.99 12.26 11.88 13.07

4-12-4-12-4 0.460 −0.085 −0.375 2.87
(1.25)

−0.53
(−0.23)

−2.35
(−1.02) 8.60 10.52 10.18 11.21

4-10-4-10-4 0.387 −0.070 −0.317 2.42
(1.05)

−0.44
(−0.19)

−1.98
(−0.86) 7.14 8.76 8.46 9.33
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Table 4. Static quantities and gap thicknesses in IGUs under conditions for a “mild winter” (Variant 2)
and atmospheric pressure increase by Δp = 3 kPa.

Structure of
IGU [mm]

Resultant Loading q
[kN/m2]

Deflection wc (wm) [mm]
Resultant Thickness of Gap s

[mm]

ex 1-2 in ex 1-2 in
gap 1 gap 2

sc1 sm1 sc2 sm2

dex-s1-din Double-glazed units

4-16-4 0.188 - −0.188 1.18
(0.51) - −1.18

(−0.51) 13.64 14.98 - -

4-14-4 0.165 - −0.165 1.03
(0.45) - −1.03

(−0.45) 11.94 13.10 - -

4-12-4 0.143 - −0.143 0.89
(0.40) - −0.89

(−0.40) 10.22 11.20 - -

4-10-4 0.120 - −0.120 0.75
(0.33) - −0.75

(−0.33) 8.50 9.34 - -

dex-s1-d1-2-s2-din Triple-glazed units

4-16-4-16-4 0.384 −0.058 −0.326 2.41
(1.04)

−0.36
(−0.16)

−2.04
(−0.89) 13.23 14.80 14.32 15.27

4-14-4-14-4 0.339 −0.050 −0.289 2.12
(0.92)

−0.31
(−0.14)

−1.81
(−0.79) 11.57 12.94 12.50 13.35

4-12-4-12-4 0.293 −0.042 −0.251 1.83
(0.80)

−0.26
(−0.11)

−1.56
(−0.68) 9.91 11.09 10.70 11.43

4-10-4-10-4 0.246 −0.035 −0.212 1.54
(0.67)

−0.22
(−0.09)

−1.32
(−0.57) 8.24 9.24 8.90 9.52

Table 5. Quantities describing heat losses by IGUs under conditions of reduced temperature (Variant 1)
and atmospheric pressure increase by Δp = 3 kPa.

Gas Gap
Thickness [mm]

Thermal Transmittance
[W/(m2·K)]

Density of Heat-Flow RateΦ
[W/m2] ΔΦc [%] ΔΦm [%]

U Uc Um Φ Φc Φm

Double-glazed units

16 1.330 1.299 1.317 53.20 51.96 52.68 −2.3 −1.0
14 1.314 1.298 1.302 52.56 51.92 52.08 −1.2 −0.9
12 1.296 1.441 1.297 51.84 57.64 51.88 11.2 −0.1
10 1.364 1.630 1.467 54.56 65.20 58.68 19.5 7.6

Triple-glazed units

16 0.643 0.653 0.636 25.72 26.12 25.44 1.6 −1.1
14 0.634 0.727 0.648 25.36 29.08 25.92 14.7 2.2
12 0.675 0.817 0.730 27.00 32.68 29.20 21.0 8.1
10 0.776 0.941 0.839 31.04 37.64 33.56 21.3 8.1
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Table 6. Quantities describing heat losses by IGUs under conditions for a “mild winter” (Variant 2) and
atmospheric pressure increase by Δp = 3 kPa.

Gas Gap
Thickness [mm]

Thermal Transmittance
[W/(m2·K)]

Density of Heat-Flow RateΦ
[W/m2] ΔΦc [%] ΔΦm [%]

U Uc Um Φ Φc Φm

Double-glazed units

16 1.113 1.142 1.107 22.26 22.84 22.14 2.6 −0.5
14 1.122 1.250 1.174 22.44 25.00 23.48 11.4 4.6
12 1.246 1.388 1.305 24.92 27.76 26.10 11.4 4.7
10 1.408 1.567 1.473 28.16 31.34 29.46 11.3 4.6

Triple-glazed units

16 0.563 0.631 0.590 11.26 12.62 11.80 12.1 4.8
14 0.623 0.699 0.653 12.46 13.98 13.06 12.2 4.8
12 0.700 0.786 0.735 14.00 15.72 14.70 12.3 5.0
10 0.804 0.903 0.844 16.08 18.06 16.88 12.3 5.0

The data presented in Tables 5 and 6 and Figure 4 indicate that the reduction in the thickness of
the gaps of insulating glass units due to their deflection under a drop in gas temperature and a rise
in atmospheric pressure may result in an increase in design heat losses in relation to the calculations
without taking into account the curvature of the panes. The increase in heat loss occurs in the linear
range of the Ug-value change, i.e., when the conditions inside the gap lead to Nu < 1. It is different
when the Ug-value changes in the non-linear range (Nu > 1). Heat losses do not increase. Then,
the reduction of gap thickness can lead to a slight decrease in the calculated Nu value, which translates
into a slight reduction in the calculated heat losses.

In this context, it is preferable to design IGUs such that it has Nu > 1 with a certain margin based
on glazing deflections. However, this task should be approached with great caution, taking into
account local climate conditions. It is necessary to check if the thickening of the gaps between the
panes will not lead to excessive overpressure during the summer, due to the heating of gas in the gaps.

One more feature of the described phenomenon should be noted. In the linear range of changes in
the Ug-value, the indices ΔΦc and ΔΦm almost do not depend on the thickness of the gaps. This is due
to the fact, as additional calculations have shown, that the relationship between the thickness of IGU
gaps and static quantities (resultant loading of component glass and their deflections) is also linear.

For many years, double-glazed IGUs dominated the market. Currently, due to the need to
save energy, in Central and Northern Europe, triple-glazed IGU 4-16-4-16-4 is the most commonly
produced and sold glazing for windows. Figure 6 presents an analysis illustrating the dependence of
the percentage change in the calculated heat loss ΔΦm for these units on their width (at a constant ratio
b/a = 2), under different external temperature conditions te. Simultaneous pressure increase Δp = 3 kPa
was assumed. Other data was used as in previous examples.

It was found that the described effect is important for the currently sold glazing in “mild winter”
conditions, i.e., when the outside temperatures fluctuate within between −5 ◦C and 5 ◦C. For IGU
width above 0.7m, the ratio ΔΦm changes from 3.9% to 5.0%. These values are characteristic of the
average temperature during the winter months in many places around the world.
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Figure 6. Dependence of the ΔΦm index on the width of the IGU and the outside temperature.

5. Notes on IGUs Wind Load

Wind pressure or suction are also factors that cause deflection of the component glass panes in
an IGU. As already mentioned, the wind velocity pressure acts directly only on the outer pane, but due
to the change in the gas pressure in the gaps, the resultant load is distributed over all the panes of the
unit. Table 7 shows the resultant loads and deflections in sample unit’s surface loaded with 0.3 kN/m2,
which approximately corresponds [20] to a pressure of wind with velocity V of approx. 80 km/h
(22.2 m/s).

Table 7. Static quantities in IGUs loaded with wind pressure of 0.3 kN/m2.

Structure of IGU [mm]
Resultant Loading q [kN/m2] Deflection wc [mm]

ex 1–2 in ex 1–2 in

dex-s1-din Double-glazed units

4-16-4 0.154 - 0.146 0.96 - 0.91
8-16-4 0.268 - 0.032 0.21 - 0.20
4-16-8 0.047 - 0.253 0.29 - 0.20

dex-s1-d1-2-s2-din Triple-glazed units

4-16-4-16-4 0.109 0.098 0.092 0.68 0.61 0.58
8-14-4-14-4 0.247 0.028 0.026 0.19 0.17 0.16
4-12-4-12-8 0.053 0.039 0.208 0.33 0.24 0.16

Table 7 demonstrates that in the majority of units the deflections of component glass have similar
values. Greater variations may occur when thicker panes are used, but the deflection values are small.
It can therefore be concluded that the change in the thickness of the gaps due to wind load is small and
has no noticeable effect on heat loss by IGUs.

Wind velocity has an indirect effect on heat loss. It is a factor influencing external thermal surface
resistance on the outside, which translates into the Ug-value. Graphic illustration of this effect is shown
in Figure 7. The calculations were made for units with gap thickness of 16 mm. It can be noted that in
the case of triple-glazed IGUs, the effect of wind velocity is negligible.
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Figure 7. Influence of wind velocity on the Ug-value of sample insulating glass units.

6. Conclusions

One of the factors influencing thermal transmittance Ug of insulating glass units is the thickness
of gas-filled tight gaps. It is assumed in the calculation procedures that this thickness is not dependent
on temporary changes in climatic factors. The thickness is variable under real operating conditions.
In winter conditions in particular, IGU component glass panes take a concave form of deflection,
which reduces the thickness of the gaps. This effect increases if the atmospheric pressure increases at
the same time.

Based on the example calculations carried out, it has been shown that the increase in the calculated
heat losses associated with the reduction of the gap thickness occurs when the conditions in the gap
lead to Nu < 1, i.e., when the thermal transmittance of the gas layer is linearly dependent on its
thickness. Heat losses can then increase to about 4.6% for double-glazed IGUs and to about 5% for
triple-glazed ones, for external air temperature te = 0 ◦C. These values almost do not depend on the
nominal thickness of the gaps, which results from the linear dependence of static quantities in an IGU
on this thickness. Under certain conditions, heat losses calculated according to standard procedures
may therefore be underestimated.

It is different in the non-linear range of the Ug-value change (Nu > 1), i.e., when the outside
temperature drops significantly or the gaps are thick enough. The thermal performance of glazing does
not deteriorate. It is therefore advantageous to design IGUs so that Nu > 1, but it is necessary to take
into account local climatic conditions and analyze loads that may also occur during the summer period.

In the case of the most commonly sold triple-glazed units 4-16-4-16-4 heat losses may be
underestimated when the outside temperatures fluctuate between −5 ◦C and 5 ◦C. For large IGU
dimensions, the ΔΦm index totals then from 3.9% to 5.0%.

It was also shown that the effect of wind load on gap thickness change is negligible in the context
of heat loss estimation.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

Nomenclature

A auxiliary parameter [m3]
a width (of glass pane) [m]
B auxiliary parameter [m5/kN]
b length (of glass pane) [m]
c auxiliary parameter [kPa]
D flexural rigidity (of glass pane) [kNm]
d thickness (of glass pane) [m] or [mm]
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E Young’s modulus [kPa] or [GPa]
h thermal conductance [W/(m2·K)]
i consecutive natural number
Nu Nusselt number
p pressure [kPa]
q load per area, [kN/m2]
R thermal resistance [(m2·K)/W]
s thickness (of gas gap) [mm]
T temperature (of gas in the gap) [K]
t temperature (of air) [K] or [◦C]
U thermal transmittance [W/(m2·K)]
V wind velocity [km/h]
v volume (of the gap) [m3]
w deflection [mm]
w(x,y) function of deflection, [m]
x-y coordinate system
Greek letters

α proportionality factor, [m5/kN]
α’ dimensionless coefficient [-]
βi auxiliary parameter [-]
Δp pressure change [kPa]
ΔT temperature difference [K]
Δv volume change [m3]
ΔΦ percentage increase in density of heat-flow rate [%]
ε surface emissivity [-]
λ thermal conductivity [W/(m·K)]
μ Poisson’s ratio [-]
π number “pi”
σ Boltzmann constant [W/(m2·K4)]
Φ density of heat-flow rate [W/m2]
Subscripts and markings

0 initial gas parameters
1, 2 specific gas-filled gap
1-2 glass pane (between gaps)
c center (of glass pane)
a atmospheric
e external
ex exterior glass pane
g regarding gas or regarding IGU (at Ug, Φg and ΔΦg)
i internal
in interior glass pane
m mean, average
op operating gas parameters
r radiative
s regarding gas gap
sur1, sur2 regarding surfaces
v regarding volume
w regarding deflection
z outside
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Abstract: Apart from being used as an oil stock for bio-fuels production, an annual crop plant Brassica
napus, thought to be an agro-waste, and used either as an animal feed, soil fertilizer or biomass for
combustion and thermal energy production. Alternatively, as a bio-based and locally bio-sourced
cellulosic material, it could be used as a thermal insulation in sustainable building fabrication,
likewise woodchips, a bio-waste from the wood industry. In this study, the above-mentioned
bio-waste materials’ thermal properties were identified using a sandwich panel from medium density
fibreboard (MDF) and wood studs. Premanufactured panels have been filled in with randomly
oriented short-cut rapeseed and with short-cut woodchips. A modified guarded hot box method
was used to designate steady and un-steady state thermo-physical parameters of such insulation
panels. The examined bio-waste materials absorbed thermal fluctuations of the exterior environment
and kept the indoor building environment at constant temperature regardless of such fluctuations.
The ability of bio-based sandwich panels to store heat energy was found to be similar to mineral wool.
Additionally, VOC (volatile organic compound) emissions of tested materials were identified using gas
chromatography-mass spectrometry (GC-MS) combined with headspace solid-phase microextraction
(HS-SPME) to declare materials’ harmlessness to indoor environmental quality and human wellbeing.
In conclusion, bio-based short-cut materials proved to be a viable environmentally friendly and
energy efficient alternative to conventionally used thermal insulations.

Keywords: energy sustainability; thermal insulation; rapeseed; woodchips; bio-waste; thermal
transmittance; un/steady conditions; VOC emission

1. Introduction

In the last decade, an increasing all-society interest in green materials, technologies, and services
can be witnessed—partly due to natural resources exploitation, partly due to the constantly growing
human liability to natural wealth and expanding consciousness of climate change. A significant
amount of research is being carried out to help replace raw chemicals coming from oil feedstock with
renewable ones, following the aim to cut down the carbon footprint and ecological human imprint
on the environment. These chemical agents and their consequently derived compounds are often
sourced from biological commodities, coming from industrial plants production [1]. As a consequence
of the emerging technologies and sustainability implementation in technology practice, there has
been considerable interest in agro-waste sourced from the industrial crops plantation, especially
from oily-seeds plants that are a raw material for bio-diesel synthesis [2]. So far, animal feeds,
soil fertilizers, and pellets to be incinerated for heat energy production are the main fields of application
of the crop-stalks agro-waste, even though botanical fibers are praised for their low density, specific
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mechanical properties, biodegradability, low carbon footprint, renewability and affordability [3].
Likewise, there have been considerable traditions over generations in using fibers from plant sources
in various applications, especially in textiles and affordable housing construction, straw reinforced
mud bricks [4], rammed earth [5] and reed roofs [6] being examples.

A considerable amount of energy launched by the civilized cultures serves, apart from being used
as a source in transportation, as heating facilities in constructions (almost 1/3 to 1/2 of the contribution
to CO2 emissions) [7]. Not only within the operation, but during the procedure of manufacturing,
while installing and throughout the final demolition, the energy embodied in the building materials
represents the total energy consumption of a building [8]. Low density, high specific heat capacity
and low thermal conductivity represented by a coefficient of < 0.1 W m−1 K−1 is demanded from
a material to qualify as a building thermal insulation [9]. So far, wooden products [10], bamboo [11],
straw bales [12], and other industrial crops like, for example: sunflower [13], corn cobs [14], hemp [15]
and cotton stalks [16], or less common fibers like Ichu [17] have served as a heat building insulation
in structures.

Straw bales are perhaps the most explored naturally available and sustainable thermal
insulation and construction material. Their thermal conductivity was reviewed during experimental
measurements as a function of density and straw-fiber orientation towards the heat flow. Direction
specified, perpendicular thermal conductivity was 0.045–0.056 W m−1 K−1; then, in a parallel direction,
it was 0.056–0.08 W m−1 K−1, showing increasing values depending on the density of a straw
bale [18]. Furthermore, specific thermal conductivities of bio-based and bio-sourced materials: bagasse
(0.046–0.055 W m−1 K−1), kenaf (0.034–0.043 W m−1 K−1), and pineapple-leaf fibers (0.035–0.042 W m−1

K−1) are not far from those of conventional man-made materials like mineral wool (0.033–0.040 W m−1

K−1) and expanded polystyrene (0.031–0.038 W m−1 K−1) [7]. Thermal conductivities demonstrated by
some of the unconventional materials were lower than 0.1 W m−1 K−1; in case banana and polypropylene
(PP) commingled yarn, the highest thermal conductivity results (0.157–0.182 W m−1 K−1) were reported.
Due to anatomical structure of the hollow plant fibers, their thermal conductivities and heat capacities
are significantly influenced by the sample’s exposure towards heat flow from the source [18].

Sustainable insulation materials are accessible in several forms—bales, composite boards [19],
and sandwich panels [20]; some of them are binder-less [21], some of them are glued together
with sustainable plasters or polymer adhesives [22], and some of them may be constructed as
a load bearing structures. To determine thermal conductivity of homogeneous materials, several
experimental techniques are used—for example: steady state hot-plate, transient hot-bridge, hot-disk,
and photo-thermal methods [23]. A hot box apparatus usually determines the thermal performance of
complex heterogeneous structural elements built-up of diverse materials. It consists of two enclosed
chambers (hot and cold) kept at constant temperatures and separated by the specimen (e.g., wooden
panel with agro-waste thermal insulation). Due to the temperature gradient, heat flux between the two
chambers through the specimen is measured and thermal resistance of the structure is determined [24].

The most prominent oily-seeds plant in Europe nowadays is rapeseed (Brassica napus), an annual
plant which grows up to one meter in height. The stem consists of fibers 0.7–2 mm long and with
a density of 1550 kg m−3, containing 40–50% of cellulose, 25–30% of hemicelluloses and 17–21% of
lignin as main chemical constituents [25]. Annual worldwide harvest of rapeseeds is about 12.6 millions
of tonnes [26]. Simultaneously, another potentially applicable, and nowadays also accessible, bio-based
material is wood [27], especially woodchips [28]. The yearly worldwide production of woodchips is
66.9 millions of tonnes [29]. Combining the use of industrial agro-waste from biofuels production with
the requirements on energy savings in building industry, a possibility arises for short-cut rapeseed
stalks and short-cut woodchips to be dried and used as a thermal envelope insulation in sustainable
buildings construction.

In order to proclaim the advantages of these unconventional bio-waste thermal insulations (such
as low priced, the local economy benefits because of the use of local resources, low energy consumption
in production and in-site fastening, do-it-yourself affordable housing projects and simple and ecological
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end of life disposal), the thermal properties of the overall insulation panel (short-cut rapeseed and
short-cut woodchips) were measured with a hot box apparatus. Thermal properties like thermal
transmittance of the panel were characterized and the response of the structure towards periodic
heating/cooling cycles was determined. The panel’s ability to periodically store and dissipate heat was
also determined, in order to show the material efficiency in retaining indoor air at constant conditions
(despite the fact that the outside temperatures vary).

Lastly, the study deals with the indoor air quality while using the short-cut rapeseed and
short-cut woodchips as a thermal insulation. Volatile organic compound (VOC) emissions from the
tested materials were monitored to further negotiate the potential negative effect of VOCs on human
health [30]. The GC-MS analysis was carried out and the specific VOCs were listed. To further support
the use of bio-based materials and to contribute to society wellbeing in a sustainable future, every work
or research that demonstrates that the long-term performance of sustainable materials, especially in
comparison with commonly used conventional materials, is valuable.

2. Materials and Methods

2.1. Structure of Raw Materials

Scanning optical microscopy using a binocular magnifier was performed to picture the
microstructure of raw materials—rapeseed (Brassica napus) and woodchips from coniferous trees
(softwood; bark was deselected) bought from a local supplier. Figure 1a shows the structure of
a transversal and a longitudinal section and a surface of the rapeseed stem. A specific oval shape of
raw rapeseed stem can be seen in the transversal section.

A1 detail is focused on a rapeseed pith, a2 detail shows the interface between the pith and the
bark (stem outer cortex). A variable shape of woodchips is depicted in Figure 1b.

 

Figure 1. Images of raw materials’ structure from binocular magnifier using scanning optical microscopy:
(a) rapeseed (Brassica napus) stem; a1—rapeseed pith, a2—pith and bark interface; (b) variability of
woodchips shapes.
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2.2. Insulation Panel Structure—Core

For thermal properties’ examinations, materials bought from a local supplier were shredded
one-stage in a hammer mill to short-cut shape and placed into a premanufactured panel. Furthermore,
sieve analysis was carried out and additional material characteristics, such as moisture content and
VOC emission, were measured.

2.2.1. Moisture Content

For moisture content (u) determination, 10 samples of short-cut rapeseed and 10 samples of
short-cut woodchips were placed in aluminous pan (each containing 100 g of tested material) and
dried for 6 h at 105 ◦C ± 2 ◦C in a laboratory conditioning chamber. Afterwards, the absolute moisture
content was determined as a percent weight difference between as received (mw) and dry sample (md)
and therefore calculated following the equation:

u(%) =
mw −md

md
× 100 (1)

The moisture content of short-cut rapeseed was 8.1 ± 1.6% and 6.9 ± 0.5% of short-cut woodchips.

2.2.2. Fraction Distribution—Sieve Analysis

Sieve analysis was performed to determine the tested short-cut rapeseed and short-cut woodchips
fraction. Three randomly collected 100 g samples of each material were tested for fraction size.
A screening machine with a laboratory metal sieve according to ISO 3310-1 [31] was employed.

Table 1 reports short-cut rapeseed fractions distribution obtained from sieve analysis. The fraction
0–8 mm was used as a core layer of tested insulating pane.

Table 1. Short-cut rapeseed fraction sizes from a sieve analysis.

Fraction (mm) <0.25 0.25–0.5 0.5–0.8 0.8–1.6 1.6–2 2–3.15 3.15–8

Fraction representation (%) 1.2 2.8 4.8 39.4 20.1 23.1 8.6

The sieve analysis was carried out to observe the abundance of individual fraction width-sections.
Although being processed (chopped/cut), short-cut rapeseed preserves the airy cellular morphology
responsible for thermophysical properties (Figure 1a). Fractions <0.25 may be considered as a powder
that has, contrary to short-cuts, rather isotropic thermophysical properties.

Table 2 demonstrates short-cut woodchips’ fraction distribution obtained from sieve analysis.
The most abundant fraction was 0.8–1.6 mm.

Table 2. Fractions of short-cut woodchips obtained from sieve analysis.

Fraction (mm) <0.25 0.25–0.5 0.5–0.8 0.8–1.6 1.6–2 2–3.15 3.15–8

Fraction representation (%) 4.5 7.7 10.3 91.9 7.0 1.1 0

2.2.3. VOC Emission Samples

Dried-up short-cut rapeseed and short-cut woodchips samples as well as a mineral wool sample
were placed into headspace vials (Figure 2). The vials were sealed with magnetic vial caps and
were stored for 24 h airtight in a desiccator while preserving constant indoor air temperature (23 ◦C),
corresponding with hot chamber steady state testing conditions.

280



Materials 2019, 12, 2004

 
Figure 2. Samples closed in vials ready for GC-MS analysis: (a) short-cut rapeseed; (b) short-cut
woodchips; (c) mineral wool.

2.3. Insulation Panel Structure—Shell

An MDF (medium density fiberboard) envelope and a 150 mm thick bio-based insulation core
sandwich panel of external dimensions 1700 × 1700 × 174 mm3—length × height × thickness (Figure 3)
was manufactured at the Faculty of Forestry and Wood Sciences, City, Prague to be subjected to thermal
loading under steady-state and unsteady-state thermal conditions in a modified guarded hot box.

Figure 3. Structure of the insulating sandwich panel (external panel dimensions 1700 × 1700 × 174
mm) filled with: (a) short-cut rapeseed; (b) short-cut woodchips; (c) mineral wool.
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The thermal insulation was loosely laid and randomly oriented—no binder was used. Bottom
and upper MDF sealings were used to slightly press the insulation filler. The MDFs from Egger Ltd.
(Hradec Králové, Czech Republic) were used because of their homogeneous cross-section over the
entire thickness (12 mm), providing uniform thermal conductivity (λ = 0.14 W m−1 K−1; � = 600–650
kg m−3). To ensure structural stability of a panel, the inner cavity was reinforced with joists combining
pine studs (40 × 40 × 1700 mm3) and HDF (high density fibreboard, λ = 0.17 W m−1 K−1) of 4 mm
thickness. The insulation core thickness was given by the joists’ height (150 mm). All wooden elements,
MDF and HDF boards were screwed together with 1.5 × 15 mm2 and 3.0 × 30 mm2 screws.

The bulk density of an insulation material was calculated as a ratio between the total weight of
an insulating filler and the volume of a panel cavity. The bulk density of the short-cut rapeseed insulation
panel was 110 kg m−3 and, in case of short-cut woodchips insulation panel, it was 205 kg m−3. The panel
of the same construction was filled with a conventionally used mineral wool thermal insulation.

2.4. Modified Guarded Hot Box Design

Thermal properties of tested samples in steady-state and unsteady-state conditions were
determined in the modified guarded hot box. The guarded hot box method according to EN
ISO 8990 [32] was slightly improved and adjusted in order to reduce heat loss through the hot box
envelope. The hot box was composed of two chambers. A hot chamber was supplied with the heating
system to maintain high temperatures; on the contrary, a cold chamber was supplied with the cooling
system to maintain low temperatures. The tested sample was placed in between.

The difference between a guarded hot box, designed according to the standardized method,
and the modified guarded hot box used in this experiment is illustrated in Figure 4. The box was
located in a laboratory with controlled temperature and humidity (HVAC). The temperature on the hot
side of the experimental box was kept constant at 24 ◦C, consistent with the ambient temperature.

This setting leads to the minimization of heat losses that potentially occurs through the hot chamber
walls—heat flow ϕ3 (Figure 4b). This enables a use of the Hot Box constructed as a Calibrated Hot Box
according to EN ISO 8990 [32]. No calibration is needed to minimize the system heat losses through
the hot chamber walls. The second most significant advantage of this solution is a minimization of
a three-dimensional heat transfer through the sample in a flanking area of the metering chamber—heat
flow ϕ2 (Figure 4a) as standardized in the case of the Guarded Hot Box method.

Figure 4. Scheme of the difference between (a) a Guarded Hot Box (according to EN ISO 8990 [32]) and
the Modified Guarded Hot Box used in this study (b).
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The modified guarded hot box eliminates heat loss through the chamber wall; therefore, one can
assume that the energy supply to the hot chamber flows only through the sample. The gap between the
sample and the hot box was filled with an additional mineral wool insulation. The entire sample, as well
as the hot box wall perimeter, was sealed with an airtight tape, causing the heat loss to be insignificant.
The heat loss and airtightness were checked with a thermal camera after 12 h of sample conditioning.

For this study, a seven-day temperature cycle was selected with the temperature setting of
Table 3. The preset temperature program was based on real climate conditions recorded at the local
meteorological station, Prague–Suchdol, Czech Republic, in winter 2017.

Table 3. Description of temperature changes in the cold chamber of the Hot Box during the
unsteady-state test.

Day 0 1 2 3 4 5 6 7 0 1

Time 16:00 16:00 9:00 9:00 9:00 9:00 16:00 9:00 16:00 Repeat
Temperature +6 ◦C −13 ◦C + 6 ◦C −13 ◦C +6 ◦C −13 ◦C −6 ◦C −13 ◦C +6 ◦C Repeat

Hours 24 17 24 24 24 7 17 31 24 Repeat

Each sample was tested under identical conditions with room temperature (22–24 ◦C) in the hot
chamber. The ambient temperature of 22–24 ◦C was maintained by a stable high performance air
conditioning unit (deviation 0.2 ◦C). The temperature in the cold chamber varied between +6 ◦C and
−13 ◦C. The current state of the art allows the design of the climate chambers to be precisely controlled
and programmed with a temperature program.

The modified guarded hot box construction together with the specific sample position is depicted
in Figure 5A. At the beginning of the experiment, a hot chamber was opened and the sample was
placed in a hot box to separate the chambers. The temperature difference between the chambers
determined the heat flow through the metering area of the sample—ϕ1.

There was a heating system with a maximum power of 500 W in the hot chamber which was
regulated by a PID (proportional–integral–derivative) panel controller with an additional thermocouple
in the hot chamber. A Power Analyser Rohde & Schwarz HMC 8015 (Rohde & Schwarz, München,
Germany) measured the heat flow, as an electric power flows straight to the heating system placed
inside the hot chamber. The air temperature was measured using the Data Acquisition Base with
humidity and temperature sensors. A set of temperature surface sensors was placed on each side of the
measured sample according to EN ISO 8990. The temperature sensors’ location is shown in Figure 5C.
Air temperatures and humidity were measured on the cold and hot side 200 mm from the specimen
surface (Figure 5B). All of the monitored parameters (air temperature, surface temperature and heat
flow transmitted through the sample) were transferred to the computer.
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Figure 5. Modified guarded hot box design: (A) hot box horizontal section; (B) hot box vertical section
1-1’; (C) frontal view from the hot/cold side.

2.5. Calculation Procedure in the Steady-State Test

The total thermal transmittance Ut (W m−2 K−1) of the experimental panel was calculated as the
ratio of thermal energy ϕ1 (W) transmitted through the sample area A (m2) perpendicular to the heat
flow. Tai − Tae was the difference in air temperatures between the hot and cold sides of the sample
(in K):

Ut =
φ1

A(Tai − Tae)
(2)

The total thermal resistance Rt (m2 K W−1) of the experimental panel was calculated as the
inverted value of the total thermal transmittance. Referring to Figure 4, the heat flow through the
sample (ϕ1 in watts) was determined as input power (ϕp in watts). Heat flows ϕ3 and ϕ4 in watts
have been neglected.

The input heat flow in the hot chamber was calculated from the electric heater power that
was powered and controlled by the PID (proportional-integral-derivative) panel controller with
an additional thermocouple in the hot chamber. The electrical output from the PID controller was
measured using a Rohde & Schwarz HMC 8015 power analyzer. The metering area of the test panel
was 1.7 × 1.7 m2. The thermal conductivity calculation of the short-cut rapeseed/short-cut woodchips
was based on the thermal resistance calculation R (m2 K W−1):
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Rt = (Rsi +
dMDF

λMDF
+

d rapeseed
woodchips

λ rapeseed
woodchips

+
dMDF

λMDF︸����������������������������︷︷����������������������������︸
R

+ Rse) (3)

where d (m) represents the thickness of the material (rapeseed/woodchips/MDF), Rsi is the internal
surface thermal resistance (m2 K W−1), Rse is the external surface thermal resistance (m2 K W−1) and λ

(W m−1 K−1) is the thermal conductivity of the material (rapeseed/woodchips/MDF):

λrapeseed/woodchips =
drapeseed/woodchips⎛⎜⎜⎜⎜⎝ (Tsi − Tse)A

φ1

⎞⎟⎟⎟⎟⎠︸�����������︷︷�����������︸
R

− 2dMDF
λMDF

(4)

Tsi − Tse represents the difference in surface temperatures between the hot and cold side of the sample
(K), A was the surface of the panel (m2) and ϕ1 was the heat flow in the sample (W). The thermal
conductivity of the MDF boards λMDF (0.14 W m−1 K−1) was given by the manufacturer.

2.6. Experiment Design—Unsteady-State Test

All tested panels were subjected to a one-week dynamic thermal loading. The temperature in
the cold chamber (Tae) fluctuated between +6 ◦C and −13 ◦C. The hot chamber temperature (Tai)
was continuously maintained at 24 ◦C and continuously measured (every min) as an indication of
the structure’s reaction to temperature changes. The total heat flow was depending on time, as the
total energy transmitted through the panel Esearched (Wh), was calculated using Usearched for every min
according to the following equation:

Esearched = Usearched·A·(Tai − Tae)·t (5)

where Usearched is the thermal transmittance (W m−2 K−1) given by the calculation using a solver
function, A is the surface of the panel (m2), Tai − Tae is the difference between hot air temperature and
cold air temperature of the panel (K), and t is the time (h):

Q =
n∑

j=1

(Esearched, j − Eexperimental, j)
2 (6)

where Eexperimental is the total energy transmitted through the sample (Wh). To define the Q, a variable
Usearched to minimize the difference between Eexperimental and Esearched, the solver function was used.
The thermal conductivity of the insulating core was calculated from the knowledge of the total Usearched
of the entire sandwich panel (respectively its inverse values of thermal resistance) and the thermal
properties of the MDF envelope of the tested panel (Equation (4)). A similar calculation was used in
Burrati et al. [33]. The alternative approach used previously by Pavelek et al. [24] and Trgala et al. [34]
brought the opportunity to measure the total energy (Wh) transmitted through the sample and to
find appropriate U value using dynamic conditions. Heat capacity, thermal response to real weather
conditions and the influence of water and vapor content can be taken into account more suitably in the
testing method compared to current steady-state conditions. More accurate calculations of the total
annual heat loss due to transmission can be assured by the use of long-term real climate temperatures
collected at 1 min resolution.
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2.7. Extraction of Volatiles, GC–MS Analysis and Data Processing

Short-cut rapeseed, short-cut woodchips and mineral wool samples were analysed for their volatile
content using gas chromatography coupled to mass spectrometry (GC-MS). To avoid instrumental
sensitivity changes, samples were measured in one sequence. For volatile organic compound
collection, solid-phase microextraction fiber with a divinylbenzen/carboxen/polydimethylsiloxan
(DVB/CAR/PDMS 50/30 μm) coating from Supelco (Supelco Inc., Bellefonte, PA, USA) was employed.
Vials were incubated for 10 min to increase volatiles emission from the sample and then volatiles were
collected onto a fiber stationary phase for the next 10 min, both at 40 ◦C.

GC-MS was applied for VOC separation and identification. Basic measurements were performed
using Quadrupole Shimadzu GC-MS QP2010 SE-Ultra (Kyoto, Japan), applying an SLB-5MS capillary
column (30 m, 0.25 mm i.d., 0.25 μm film thickness) from Supelco. The injection was performed at
250 ◦C, while the transfer line was kept at 280 ◦C. The temperature program was as follows: 40 ◦C for
1 min and then with grad 5 ◦C min−1 to 250 ◦C and held for 2 min. Total run time was 45 min. Helium
was used as a carrier gas at a flow rate of 1 ml min-1.

In order to not focus only on a few compounds, the mass analyser was operated in a SCAN mode
(scan speed 2000 ns, range 30–400 m/z. Identification of chemical compounds was based on mass
spectral similarity with the in-built NIST MS library (NIST, Gaithersburg, MD, USA; 2017 released
version). A group of approximately fifteen main volatile chemical compounds was identified through
a literature review to be followed in all of the samples for their comparison. A group of key compounds
for each material was defined. Reported intensities are areas of unique mass—the specific mass of
compounds’ mass spectrum, which were not coeluting with another compounds signal at a signal’s
retention time.

3. Results and Discussion

3.1. Panel U-Value Calculation from Steady-State Conditions

Experimental measurements were carried out after conditioning of each test sample in a closed hot
box. Temperatures were measured at least four hours after steady state was reached, i.e., the temperature
fluctuations in the range up to 1%. The temperature in the cold chamber—Tae (◦C)—was set to −13 ◦C
and temperature in the hot chamber—Tai (◦C)—was continuously maintained at 24 ◦C. Detailed
parameters from three experimental measurements, including the thermal transmittance and thermal
resistance, are given in Table 4. The average thermal transmittance of the whole sandwich insulating
panel filled with short-cut rapeseed was 0.308 ± 0.019 W m−2 K−1 and the average thermal resistance
was 3.255 ± 0.217 m2 K W−1. The average thermal conductivity of short-cut rapeseed determined
under steady-state conditions from all three measurements was 0.048 ± 0.003 W m−1 K−1.

Table 4. Thermal transmittance and thermal resistance of sandwich panel filled with short-cut rapeseed
insulation under steady-state conditions.

Test
Time

(h)
ϕ1

(W)
d

(m)
A

(m2)
Tae
(◦C)

Tse
(◦C)

Tsi
(◦C)

Tai
(◦C)

R
(m2 K W−1)

U
(W m−2 K−1)

A1 4 h 27.81 0.174 2.89 −11.64 −8.21 21.03 22.64 3.562 0.280
A2 4 h 31.23 0.174 2.89 −10.84 −8.23 20.77 22.58 3.093 0.323
A3 4 h 30.46 0.174 2.89 −11.05 −8.26 20.07 21.74 3.111 0.321

All of the surface temperatures were constant during all three tests, with a maximum difference
of 0.2 ◦C on the cold side and 0.1 ◦C difference on the hot side. The hot air temperature fluctuations
were approximately ± 0.05 ◦C and ± 0.2 ◦C for cold air temperature (Figure 6). The laboratory ambient
temperature was monitored continuously at 24 ± 0.5 ◦C.
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Figure 6. Heat flow and temperature measurements using the steady-state method: (A) short-cut
rapeseed (test A2 in Table 4); (B) short-cut woodchips (test B2 in Table 5); (C) mineral wool (test
C1 in Table 6); Tae = air temperature in the cold chamber, Tai = air temperature in the hot chamber,
Tse = surface temperature of sample in the cold chamber, and Tsi = surface temperature of sample in
the hot chamber.

The average thermal transmittance of the whole sandwich insulating panel filled with short-cut
woodchips was 0.403 ± 0.010 W m−2 K−1 and the average thermal resistance was 2.484 ± 0.060 m2

K W−1. The average thermal conductivity of short-cut woodchips determined under steady-state
conditions from all three measurements was 0.065 ± 0.002 W m−1 K−1. Detailed parameters from three
experimental measurements are given in Table 5.

Table 5. Thermal transmittance and thermal resistance of sandwich panel filled with short-cut
woodchips insulation under steady-state conditions.

Test
Time

(h)
ϕ1

(W)
d

(m)
A

(m2)
Tae
(◦C)

Tse
(◦C)

Tsi
(◦C)

Tai
(◦C)

R
(m2 K W−1)

U
(W m−2 K−1)

B1 4 h 42.10 0.174 2.89 −13.41 −11.11 21.94 23.89 2.561 0.391
B2 4 h 43.44 0.174 2.89 −13.31 −11.11 21.92 23.89 2.475 0.404
B3 4 h 44.61 0.174 2.89 −13.39 −11.02 21.88 23.89 2.415 0.414

To compare the results of bio-waste insulation panels, a sandwich panel with mineral wool was
measured. The results of the sandwich panel with mineral wool are summarized in Table 6. The average
thermal transmittance of the whole sandwich panel was 0.255 ± 0.016 W m−2 K−1 and the average
thermal resistance was determined as 3.930 ± 0.250 m2·K·W−1. The average thermal conductivity of
mineral wool was 0.040 ± 0.003 W m−1 K−1

Table 6. Thermal transmittance and thermal resistance values of sandwich panel filled with mineral
wool insulation under steady-state conditions.

Test
Time

(h)
ϕ1

(W)
d

(m)
A

(m2)
Tae
(◦C)

Tse
(◦C)

Tsi
(◦C)

Tai
(◦C)

R
(m2 K W−1)

U
(W m−2 K−1)

C1 4 h 25.85 0.174 2.89 −12.10 −10.40 22.37 23.53 3.983 0.251
C2 4 h 24.40 0.174 2.89 −11.92 −10.99 22.38 23.60 4.207 0.238
C3 4 h 28.58 0.174 2.89 −12.12 −11.58 22.28 23.49 3.601 0.278
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3.2. Panel U-Value Calculation from Unsteady-State Conditions

The unsteady-state test was performed by changing the air temperature Tae (◦C) in the cold
chamber after a certain amount of time, shown in Table 3. The air temperature was controlled by
an electronic controller with a preset temperature program. The temperature in the hot chamber Tai
(◦C) was continuously set at 24 ◦C and the temperature in the cold chamber Tae (◦C) was periodically
changed between −13 ◦C and +6 ◦C for seven days. The preset temperature program was based
on average real climate conditions recorded at the local meteorological station, Prague–Suchdol,
Czech Republic, in winter 2017. The test panel was always conditioned for 24 h under the pre-set
conditions with the air temperature in the hot chamber of 24 ◦C and air temperature in the cold chamber
of 6 ◦C.

The following data were collected during the experimental tests: the air temperatures Tae (◦C) and
Tai (◦C), the surface temperatures Tse (◦C) and Tsi (◦C), and total energy transmitted through the panel
(known as an Experimental (Wh)) in Figure 7 at time interval of 1 min. The air temperature in the hot
chamber Tai (◦C) was continuously recorded every 1 min as an indication of the test panel to thermal
impulse. Figure 7 shows the automatic defrosting cycle of the cooling system after approximately 12 h.
Total energy (W) transmitted through the test panel was recorded experimentally as a function of time.
Furthermore, it was also calculated from Equation (5) and is shown as an Esearched in Figure 7. Figure 7
shows results from two independent measurements, comparing the short-cut rapeseed, the short-cut
woodchips and the mineral-wool panel reaction to dynamic thermal conditions as described in the
previous paragraph. Usearched was found after the experimental measurement using a solver function
in MS Excel (version 2016, Microsoft, Redmond, WA, USA).

The steady-state measurements gave more optimistic thermal properties for the panel filled with
mineral wool.

Figure 7. Total energy transmitted through the sample using searched U-value under unsteady-state
conditions; (A) short-cut rapeseed; (B) short-cut woodchips; (C) mineral wool; Tae = air temperature in
the cold chamber, Tai = air temperature in the hot chamber, Tse = surface temperature of the sample in
the cold chamber, Tsi = surface temperature of the sample in the hot chamber, Eexperimental = total
energy transmitted through the sample (Wh), and Esearched = calculated total energy consumption
using U-value given by Solver (Wh).

The total thermal transmittance of the entire sandwich panel filled with short-cut rapeseed
insulation was 0.271 W m−2 K−1 and the total thermal resistance value was 3.690 m2 K W−1. The thermal
conductivity of the short-cut rapeseed itself was 0.042 W m−1 K−1. The total thermal transmittance of
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short-cut woodchips insulation panel was 0.404 W m−2 K−1 and the total thermal resistance value was
2.475 m2 K W−1. The thermal conductivity of the short-cut woodchips was 0.065 W m−1 K−1.

To compare the results of the bio-waste insulation panels, a sandwich panel with mineral wool
was measured. The total thermal transmittance of the entire sandwich panel filled with mineral
wool insulation was 0.267 W m−2 K−1 and the total thermal resistance value was 3.745 m2 K W−1.
The thermal conductivity of the mineral wool was 0.042 W m−1 K−1.

Linear thermal transmittance ψ across the reinforcing stud (wood/HDF) was included in the
resulting values of the thermal transmittance, thermal resistance, and thermal conductivity.

As can be seen, the U-values of the two tested insulation panels were very close from each other,
i.e., panel with short-cut rapeseed filler and mineral wool filler. The short-cut woodchips showed
inferior thermal properties compared to these panels. It could be caused due to the bulk density being
double that of the short-cut rapeseed panel. It would be appropriate to test panels with identical
material filler at various bulk densities.

Data from measurements conducted under unsteady-state conditions provided comparable values
for two tested panels (rapeseed/mineral wool). Therefore, test conditions can strongly influence the
performance of a panel in the experimental test, resulting in bio-waste thermal insulation being rejected
in favor of conventional thermal insulation.

Thermal lag, the ability of the system to continuously store and dissipate heat energy when
subjected to dynamic thermal loads, is a measure of the wall insulation panel efficiency to keep the
indoor build environment at a constant temperature. Wooden sandwich panels with rapeseed short-cut
shreddings core showed the same long-term thermal behaviour as wooden sandwich panels with
mineral wool core, obviously at the benefit of reduced carbon footprint and lower environmental impact.

3.3. VOC Emissions

Within the frame of this work, to better understand the potential impact on indoor environment
quality, short-cut rapeseed, short-cut woodchips and mineral wool insulation VOCs were analysed
and compared. Fourteen key volatile organic compounds including aldehydes, alkanes, and terpenes
were collected especially from bio-waste insulations using HS-SPME GC-MS. Target compounds
for bio-based materials (Table 7) were selected based on a list published in ISO 16000-6 (Annex
A) focused on building products’ VOC emissions in indoor air [35] as the mineral wool proved to
behave like an inert material with almost no VOC emissions. In general, short-cut woodchips’ VOC
detection proved to be the most abundant, resulting in a higher number of VOCs as well as higher
detector responses observed in short-cut woodchips compared to short-cut rapeseed comparing the
bio-based insulations—especially in the case of hexanal and alpha-pinene. An aldehyde pentanal
together with even more important aldehyde–hexanal (described as “grassy” [36]) that is known as
a product of unsaturated fatty acids oxidation [37] were emitted from a short-cut woodchips sample.
Both compounds have been identified as causing unpleasant, irritating odors [38]. Compared to
rapeseed and to mineral wool, a wide variety of terpenes (such as alpha-pinene, beta-pinene, camphene,
3-carene) were also observed emitting from woodchips’ samples.

The chemical composition of raw material used for building insulation materials production
represents only one of the factors affecting the quality of indoor air. In addition, the performance
of building materials, and therefore VOCs’ release, depends on prevailing thermal and moisture
conditions, air pressure difference over the structure, and the quality of construction work [39] (these
factors were not considered in presented study). However, it also depends on a structural design with
a special focus on wall panel composition of all used materials. Therefore, it is necessary to identify the
VOC emissions from insulation materials inside the sandwich panel, determine their environmental
impact and select the appropriate enveloping material to prevent their emissions into the interior.
It was also addressed in the studies of Little et al. [40], Yuan et al. [41], and Hodgson et al. [42].
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Table 7. Detected VOCs from specific thermal insulation materials—intensities of monitored VOC
emissions; intensities detector response for unique mass.

Insulation Sample
Short-Cut Rapeseed

(Brassica Napus)
Short-Cut

Woodchips
Mineral Wool

COMPOUND – – –
Pentanal – 30 –
Hexanal 63 180 –
Heptanal – 11 –
Octanal – 15 –
Nonanal 14 25 –

alpha-Pinene 9 155 –
beta-Pinene – 69 –

3-Carene – 9 –
Decane, 3,6-dimethyl- – 14 –

Dodecane 12 – –
Pentadecane – – 11

2-t-Butyl-4-methyl-5-oxo-
[1,3]dioxolane-4-carboxylic acid 7 – –

Hydrazine, (1,1-dimethylethyl)- – – 66
Nonane, 5-(2-methylpropyl)- – – 14

Note: selected mass areas were divided by 104 – –

4. Conclusions

The present study demonstrates the applicability and viability of lignocellulosic bio-waste as
a sustainable thermal insulation alternative to mineral-wool. After one-week of dynamic thermal
loading, the mineral wool showed a 5% higher U-value compared to steady-state conditions,
while short-cut rapeseed showed that a 12% lower U-value and short-cut woodchips reached 0.3%
higher U-value. Compared to straw bales, the thermal conductivity and the heat capacity of the
insulated wall remained homogeneous across the metering area, providing low thermal energy losses.
Moreover, a modified guarded hot box method was successfully used for realistic simulations of thermal
behavior of building envelopes and for the determination of insulation panels’ thermal transmittance
(U-values) under steady and unsteady state thermal conditions.

From the human wellbeing point of view, lignocellulosic bio-waste materials, especially rapeseed,
emitted a similar amount of VOCs comparing to mineral wool. Therefore, it can be considered quite
harmless for interiors’ occupants.

Furthermore, the bio-based sandwich panel allows for complicated structural shapes (elements)
engineering. It can be installed easily with loose-fill insulation, giving the architects more freedom in
designing sustainable building envelopes, using only a 1.5% thicker layer of rapeseed than mineral
wool, while reaching the same thermal resistance.
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Nomenclature

A Area m2

c Specific heat capacity J kg−1 K−1

d Thickness m
Δ Difference
E Total energy transmitted through the sample Wh
H Heat loss Wh
ϕ Heat flow rate W
λ Thermal conductivity W m−1 K−1

m Weight kg
� Density kg m−3

ψ Linear thermal transmittance W m−1 K−1

RH Relative humidity %
R Thermal resistance m2 K W−1

T Temperature K, ◦C
t Time h
τS Response time h
U Thermal transmittance W m−2 K−1

Subscripts

a Air
e External
i Internal
I Infiltration
s Surface
t Total
T Transmission
V Ventilation
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