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Abstract— This research aims to investigate the performances of thermal insulation materials using a comparative analysis.
Particularly, the performances of natural insulation materials are compared with performances of non-renewables (petrochemical and
inorganic), such as thermal conductivity, thermal diffusivity, global warming potential, and cost. In the past twenty years, the interest
for the research on building energy demand reduction has been increased rapidly. Buildings were identified as a significant contributor
to global energy consumption and global warming through the heating and air-conditioning systems. The literature observed that
building energy demand takes up to 40% of the global energy consumption. Trends in addressing this issue are based on better thermal
insulation of building envelope or using more energy-efficient materials. To carry out this research, the data were collected based on
published research and comparatively analyzed. It was found that natural insulation materials have a significantly lower impact on
global warming, longer useful lifetime, competitive thermal properties, better fire resistance, and favorable cost. Future trends and
developments in reducing building energy demand would rely on sustainability. Sustainability is based on renewable natural resources,
including renewable insulation materials, but if combined with significant participation of PCMs for latent heat energy storage, it will
provide much better results. To get sustainable technologies applicable in full scale in the future, the overall problem has to be
investigated, including user training and addressing the future workforce's challenges.
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A significant share of the energy consumption for heating

I INTRODUCTION and cooling are building. The use of heat insulation materials

Strong economic growth and increasing population in the to reduce heat loss/gain through building envelope has been
past thirty years have led to a rapid increase in world energy studied frequently [10]. Publications related to insulation
consumption. Today, energy conversion and electricity materials have been increasing rapidly over the past two
generation are mainly based on fossil fuels and nuclear energy decades. The studies are based on numerical and experimental
that produce waste products in an irreversible cycle. Fossil data, such as the experiment's design [11]. The number of
and nuclear fuel reserves are limited and cause many damages publications per year from 1960 until 2018 is shown in Figure
to the environment. According to current consumption rates, 1.
coal reserves will be consumed in approximately 130 years, 1500
natural gas in about 60 years, and oil in 40 years [2].

Only 17% of energy generation comes from renewable 1000 i
sources; the rest comes from non-renewable. The generated
energy is dominantly consumed by industry and buildings [3]. /"'

Since buildings are a significant contributor in energy 300

consumption, mainly through heating and cooling, it is ;A,W-/

essential to have reduced building energy demand. A way to 0 ; : : . . .
achieve this goal is to improve thermal behavior through 190 1970 1980 1990 2000 200 20X

better insulation of building envelope [4], [5], and using

. . . Fig. 1 Publications per year
passive buildings with energy storage [6], [7], [8], [9].
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Recent studies in building envelope insulation have shifted
towards alternative ways and reduced building energy
demand [12]. Awareness of energy conservation has risen in
many fields over the globe. This caused a search for new

material development and application to achieve this goal [13].

Based on Scopus data, most publications come from
European Union (EU), which is about 43% of the total
published work. Accordingly, EU is the most concerned about
building insulation and energy savings. The US and China are
together providing about 25% of published work in Scopus. It
can be seen from the literature this problem is frequently
studied by researchers, and it confirms that insulation material
selection is an essential step in building design; it has a
significant impact on global warming and frequently attracts
researcher’s attentions.

The risk of global warming is increasing day by day. For
this reason, it is challenging to find new insulation materials
that have good thermal properties and, at the same time that
they are environmentally friendly [14]. Natural renewable
insulation material can promise building applications to
achieve more sustainable engineering [15] and a healthier
environment. Compared to the traditional non-renewable
materials, renewable materials have significantly better
performances, such as less impact on global warming, longer
useful lifetime [16], and lower thermal diffusivity [17].
Renewable insulation materials have comparable thermal
properties and may be advantageous in thermal and moisture
buffering [18], heat insulation performances, fire resistance,
and cost [17]. Insulation materials such as wool, wheat and so

on are natural and they are considered sustainable and they
can be recycled [19], while traditional insulation materials
play a major role in environmental pollution [20], [21].

A. Classification of Insulation Materials

There are many classifications in different sources for
insulation materials in different sources. In this study,
insulation materials were separated into three groups. These
groups are inorganic, organic, and new technology materials.
Inorganic materials contain such as rock wool, vermiculite,
glass wool, calcium silicate, foam glass, and perlite. Organic
materials were collected in two groups as organic and
renewable. Petrochemical materials include extruded
polystyrene, expanded polystyrene, polyurethane, phenol-
formaldehyde, polyisocyanurate, and urea-formaldehyde.
Renewable materials contain hemp wool, cellulose, coconut,
flax wool, sheep wool, recycled cotton, expanded cork, and
wood wool. New technology materials contain such as gas
insulation, vacuum insulation, dynamic insulation, nano
insulation, and nanocon.

Thermal insulation materials have fire classification in
terms of building safety. This classification is of great
importance because it significantly impacts the application
and selection of insulation materials. Classification is
specified in the European standard EN-13501-1. In this
standard, there are seven classes: Al, A2, B, C, D, E, and F.
Here, A1 means non-flammable, and E means the most
flammable insulating material [22]. Classification is shown in
Table 1.

TABLEI
FIRE CLASSIFICATION ACCORDING TO EUROPEAN STANDARD EN-13501-1 [23]
Classification
Euro-class Contribution to fire/aspired safety level according to
DIN 4102
F Products for which no reaction to fire performances are determined or cannot be classified in one of B3
the classes Al, A2, B, C, D, E.
E Products capable of resisting, for a short period, a small flame attack without sustainable flame
spread.
Products satisfying criteria for class E and capable of resisting, for a longer period, a small flame B2
D attack without substantial flame spread. In addition, they are also capable of undergoing thermal
attack by a single burning item with sufficiently delayed and limited heat release.
C As class D but satisfying more stringent requirements. Additionally, under the thermal attack by a
single burning item they have limited lateral spread of flame. BI
B As class C but satisfying more stringent requirements.
Satisfying the same criteria as class B. In addition, under conditions of a fully developed fire these A2
products will not significantly contribute to the fire load and fire growth.
Class Al products will not contribute to any stage of the fire, including the fully developed fire. For
Al that reason, they are assumed to be capable of satisfying all requirements of all lower classes Al

automatically.

Conventional insulation materials have been used for a
long time. Properties of insulation materials are shown in
Table II. Conventional insulation materials were used in the
market commonly. However, in recent years, researchers have
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focused on renewable insulation materials due to global
warming because inorganic and petrochemical insulation
materials cause environmental pollution. Therefore,
renewable insulation materials gain importance.



TABLEII
PROPERTIES OF INSULATION MATERIALS

. Density Thern?a.l Specific heat  Fire resistance Wa.t er vapor
Material (kg/m?) conductivity (/keK) (Euroclass) dli:fllSlOIl References
(W/mK) resistance
Inorganic
Glass wool 15-75 0.030-0.040 1000 Al-A2 1-1.1 [21]
Rock wool 40-200 0.030-0.040 1000 Al 1-2 [21]
Calcium Silicate 200-240 0.059-0.065 1000 Al 6-20 [22]
Foam glass 100-200 0.038-0.055 1000 Al 400 [22]
Perlite 80-150 0.040-0.060 800 Al 2-3 [22][19]
Vermiculite 30-150 0.040-0.064 900 Al 2-3 [22][19]
Petrochemical
Expanded polystyrene 10-35 0.032-0.045 1250 E-F 20-70 [22][19]
Extruded polystyrene 32-40 0.025-0.040 1700 E 80-300 [23][19]
Phenol formaldehyde 40-160 0.020-0.021 1190 B-D 30-50 [18][24]
Polyurethane 15-45 0.022-0.035 1400 D-F 30-170 [22][19]
Polyisocyanurate 30-45 0.020-0.035 1450 D-F 55-150 [22][19]
Urea formaldehyde 15 0.045 1200 D-F 1.5-2.4 [22][24]
Renewable
Cellulose (paper wool) 30-80 0.038-0.040 1300 E 1.7-3 [22][19]
Coconut 70-120 0.040-0.045 1670 E 1-10 [22][19]
Flax (flax wool) 20-100 0.035-0.040 1600 C 1-2 [22][19]
Hemp (hemp wool) 30-82 0.038-0.040 1700 E 1-2 [22][19]
Recycled cotton 25-45 0.039-0.044 1600 E 1-2 [22][19]
Sheep wool 10-25 0.035-0.040 1700 E 1-3 [22][19]
Wood wool 55-140 0.038-0.058 2100 E 5 [22]
Expanded cork 100-170 0.037-0.043 1700 E 5-30 [22]

Another essential property of insulation material is shown
in Table III. In this table is shown which insulation material

is good as environmentally friendly. Renewable insulation

TABLE III

ANOTHER IMPORTANT PROPERTIES OF INSULATION MATERIALS

materials are better than inorganic and petrochemical
materials as global warming potential.

Thermal Energy Global warming
Material diffusivity[m¥s] Cost [€/m’] consumption potential (kg References
(MJeq per f.u.)  COseq per f.u.)
Inorganic
Glass wool (2E-06)-(5.33E-07) 77.5-147 229.02 9.89 [22][19][25]
Rock wool (7.5E-07)-(2E-07) 102.08-179.5 63.34 3.62 [22][19][25]
Calcium Silicate (3E-07)-(2.71E-07) 95-285 55.8 4.25 [22][26]
Foam glass (3.8E-07)-(2.8E-07) 357.38-445.5 208 19.439 [22][19][25]
Perlite (6.3E-07)-(5E-07) 207.89-207.89 67.31 3.99 [22][19][27]
Vermiculite (1.5E-06)-(4.7E-07) 152.6 53.37 3.36 [22][19]
Petrochemical
Expanded polystyrene (1.7E-06)-(1E-06) 61.42-186.56 118.67 8.25 [22][19][25]
Extruded polystyrene (4.6E-07)-(5.9E-07) 156-180 127.31 13.22 [22][19][25]
Phenol formaldehyde (4.2E-07)-(1.1E-07) 302.63 52 3.508 [22][28]
Polyurethane (1E-07)-(5.6E-07) 303.78 99.63 6.51 [22][25][28]
Polyisocyanurate (4.6E-07)-(5.4E-07) 250.12-286.59 65.08 3 [22][19]
Urea formaldehyde (2.5E-06)-(2.5E-06) 400 1124 10.2 [22][24]
Renewable
Cellulose (paper wool) (4.2E-07)-(2.6E-07) 175.71 19.39 0.73 [22][19]
Coconut (1.7E-07)-(1.9E-07) 482 [22]
Flax (flax wool) (1.1E-06)-(2.5E-07) 116.77 49 2.36 [22][19]
Hemp (hemp wool) (7.5E-07)-(2.9E-07) 108.07-138.93 35.55 0.26 [22][19]
Recycled cotton (9.8E-07)-(6.1E-07) 138 [22][19]
Sheep wool (2.1E-06)-(9.4E-07) 200 17.12 1.46 [22][19][25]
Wood wool (3.3E-07)-(2E-07) 190-236.44 255.36 1.56 [22][19][25]
Expanded cork (2E-07)-(1.5E-07) 155.98-319.14 378.65 5.93 [22][19][25]
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The functional unit (fu.) is defined as the mass (kg) of
insulation material that involves a thermal resistance R-value
of 1 (m? K/W) and an area A of 1 m? for a service life period
of 50 years [13]:

fu=RipA

The aim of this study is to trace path for future construction
materials in terms of energy conservation through building
energy demand reduction. Research in this area mainly
focuses on natural storage with phase change materials and
the use of natural insulating materials.

II. MATERIALS AND METHOD

Reducing building energy demand in the future will be
more based on the natural insulation materials and phase
change material (PCMs). Today’s researchers mainly focus
on the application of PCMs in the building envelope for
passive design [29] and the use of natural and renewable
materials for thermal insulation [30]. The material can be
examined in seven different categories such as: PCMs,
vacuum insulation materials, aerogel, nano insulation
materials, gas insulation materials, nanocon and dynamic

insulation materials. Information on these categories and
insulation materials can be seen in Table IV

Preliminary Study
- Research problem identification
- Setting aims and scope

v

Literature Review
- Classification of insulation materials
- Properties of insulation materials
- Advantages and disadvantages

v

Data Analysis
-Thermal conductivity analysis
- Cost analysis
- Global warming potential analysis

v

Conclusion and Recommendation

Fig. 2 Flow chart of the research stages.

TABLE IV
FUTURE OF BUILDING THERMAL INSULATIONS
Materials Characteristic Structure filled Thern{a! Advantages Disadvantages Ref.
Conductivity
* Suitable melting . : Sub—§0011ng and
* High enthalpy, corrosion for
temperature, : ; [44]
*Large temperature ranges, inorganic PCM,
Phase * Low volume changes * Negligible volum * Flammability and [36]
Change  due to the phase change,  * Solid before melting. Around 0.2- cgigible volume Y [45]
s . S . change, larger volume
Materials + No corrosive for * Liquid after melting. 0.5 WmK . . . [17]
] *» Chemical stability and change for organic
(PCM) organic, . [46]
* No flammable for recyclable PcM, [42]
. . * Limited thermal
inorganic i
cycling,
* About 99.8% of aerogel
is air. . [45]
. * The rest can be formed Very low Very 1(.)W thermal . . [47]
* Melting temperature up . conductivity and specific * Very brittle and
Aerogel o out of organic polymers, 0.005-0.1 [48]
to 950°C surface area, easy to break
carbon, , copper, gold and W/mK . [49]
. . * Good sound insulator,
iron oxide. [50]
* Can be tailored and .
mounted from any pla " Possible
Vacuum - Contains a small pore ounted fro y prace penetration of air [45]
. . less than without any deterioration in .
insulation structure * Vacuum .. and moisture to the [51]
VIP “H 0.04 mK thermal conductivity., [52]
(VIP) omogeneous « Service life for over 100 PO
years.
« Contai 1 * Can be tailored and * Possible
Gas s tn,?criuarlens a smafipore « Areon. xenon. krypton less than installed at desired place, penetration of air [50]
insulation £on, - XOP 0.004 W/mK  without degradation of and moisture to the
» Homogeneous .
thermal conductivity, pores.
* Contains a small Lo * Low thermal conductivity < Increased thermal  [53]
Nano * The pore size is less 40 less than . . . A .
insulation open/closed pore structure nm 0.004 WmK S achieved using the radiation at certain [54]
* Homogeneous ’ Knudsen effect. wavelengths. [53]
* Can be o
dymamicall * Possibility to control
Dynamic  * Phonon-based thermal ! Y thermal conductivity within [55]
. . .. adjusted from .
insulation conductivity. a desirable range. [56]
very low to
very high.
* Contains a small » With material properties * They have a huge
NanoCon /closed tructure  that 1 t less than tential of joining t [54]
oCon open/closed pore structure that are equal or greater 0.004 W/mK_Potential of joining to nano (53]

» Homogeneous

than those of concrete.

insulation materials.
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PCMs applications in the building envelope are a
promising way to reduce building energy demand. These
materials are used to store energy as secret storage at a
temperature range that can be used at night or at the highest
energy demand. The use of PCMs in the building envelope
and component helps to reduce the internal temperature
difference as part of the building structure or as part of a heat
exchanger of a building heating system [31], [32], [33]. The
phase transition temperature must be close to the comfort
temperature. Therefore, materials with gas transition
temperatures between 20 and 32 are ideal for passive concepts.
To increase thermal mass of buildings, PCM were are applied
within building structure such as concrete [34], [35], bricks
[36], [37], wallboards [38], [39], [40], mortar [41], building
components [42], [43] or as part of active heating/cooling
system [31]. The open porous structure panel of fumed silicate,
a byproduct of VIP production, high purity silicon production,
forms the panel. The fumed silica is compacted until it reaches
200 kg/m® of condensation [32], [57]. This compression
creates a feature well below the free path of atmospheric gas
molecules at pressure ratings below 1 bar [58], [59]. The
formed panels are wrapped with metallic polymer layers.
Since the general structure is porous, vacuum can be applied.
After this process, the edges of the polymer layers are heat
sealed to protect the vacuum [60]. Other materials can also be
used for porous core structure. However, fumed silica is
widely used for building insulation [22]. Aging with it,
however, has a negative effect on panels. Panels are not
completely airtight. Therefore, the panel's thermal
conductivity depends on the type of envelope used [25]. The
most important material used in aerogel production is silicone.
Aerogel production can divide aerogel production into two
parts: making gel and drying gel. The first step to make
aerogel production is to make a gel. It is then obtained by
adding silicon alkoxide and water to an ethanol solution. The
gel is formed when water reacts with alkoxide, and SiO; is
formed. In an overly critical drying process, the SiO; structure
is retained intact by the separation of liquids. This structure is
filled with gas. After supercritical drying, acrogel can be used
for insulation [61], [62], [63]. Aerogels are glued to the
surface to insulate [64]. For this, aerogel granules are blown
into the cavity. Their acoustical properties are very good. 7
mm thickness leads to a sound reduction of 60 dB [22]. The
production cost of aerogel is very high. The aerogel has high
compression strength. However, very low tensile strength
causes breakage. The tensile strength can be increased by
adding the carbon fiber matrix [65]. Gas-filled panels (GFP)
are an advanced application of thermal insulation to maintain
ambient temperature. GFPs consist of multilayer
compartments wrapped with an infrared reflective house
enclosed barrier and filled with air with a low conductivity
value at atmospheric pressure [66]. GFPs can be used in the
construction site without heat loss with low thermal
conductivity. While the barrier is hermetically sealed to
protect the gas filling, baffles are necessary to suppress
convection and radiation. However, it has been found that the
thermal conductivity of GFPs used as prototypes is a little
higher than conventional insulation. Therefore, the use of
GFPs in the field of insulation is still controversial. Nano
insulation materials are used in VIP and GFPs. In order to
prevent deterioration of the VIP and GFP grid structure, air
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and moisture penetration into the pore structures must be
prevented [52]. Materials used when placing VIPs and GFPs
on the wall cause thermal bridges. Ideally, this disadvantage
is eliminated if 100% airtight and waterproof VIP and GFP
structures can be made [67]. Nano insulation materials are
used to obtain this structure [67], [68]. Generally, thermal
insulation materials are considered to be static, that is,
insulation materials have an unchangeable constant value.
The choice of normal thermal insulation is made as physically
as low as possible in terms of thermal conductivity and
economic and construction constraints. However, heat
properties are chosen according to the demands of energy and
user comfort. This can be solved by the dynamic thermal
insulation material (DIM), in which the thermal conductivity
can be resolved within a desired range. DIMs can form part of
an insulating coating of a smart building that provides storage
of accumulated solar energy day and night and dynamic
control of solar energy with the help of glass systems [69].

A. Application of Materials

It is common to insulate the building where heat transfer is
intensive, including windows, doors, and walls. Thermal
insulation significantly helps maintain energy efficiency
depending on air temperature, geographical location, climate
conditions, and type of heating area. Most of the work is
concerned with applying insulation material in conventional
building construction [70]. This section describes thermal
insulation materials' applications in walls, roof, windows,
floor, and ceilings but only for the conventional construction
of buildings. Insulation on walls Wood and brick walls have
less thermal conductivity than metal and glass. Since the walls
cover a large part of a building, thermal insulation directly
affects the total heat gain [36]. The insulation materials are
placed seriously affect the heat flow performance of the
insulation materials on the outer wall of a building. To get the
best performance from the insulation material, it must be
mounted in the area where the heat inlet and outlet are located.
However, the insulating materials are mounted in or between
the wall cavities [71].

1) Insulation on Roof and Ceiling: Direct sunlight all day
long causes the roof to receive significant amount of radiation
heat. Roofs make up 32% of the residential areas and can
provide large amounts of heat gain in buildings. In regions
with a cold climate, the insulation process is limited only by
the ceiling. Snow melting patterns on the roofs are the most
important indicator of energy efficiency in buildings. This is
an indication of wasted heat loss in the attic [46].

2) Insulation on Windows: Windows are the second-
largest source of heat in a very well insulated house. The
nature of the window is usually transparent. It is directly
affected by the surrounding airflow and solar radiation
because the light can pass through the conditioned area and
carry heat. Heat loss/recovery of windows, collective
insulation, and minimization of glass can be controlled. Two
of the most common methods used in windows are gas-filled
and low emission coating [72]. Low emission coatings are
metal and metal oxide layers that accumulate on the surface
of the window glass. These are used to suppress the flow of
radiation through reflection. Meanwhile, the gas filler, which
has a lower thermal conductivity, fills the window panels'



gaps. Argon is commonly used as a gas in gas-filled insulated
glasses.

3) Insulation on Floor: It is recommended to insulate
floors such as unheated areas and concrete slabs properly. The
insulation process is adapted around the base plates. However,
it is assumed that the basement floors' insulation of reinforced
concrete floors has a limited value. Because heat transfer to

the floor in basements is relatively low. This is due to minor
temperature changes between the section under the floor and
the air above the floor [73]. Table V shows the work done by
several researchers and the thermal insulation in some parts
of the building. The insulation of the buildings is done by
using various thermal insulation materials. During this
process, the thermal conductivity values of the materials play

a big role.

TABLE V
RECENT STUDIES RELATED TO THE APPLICATION OF BUILDING INSULATION

Building component Material Thermal Conductivity (W/mK) References
Floor Fiberglass 0.04-0.033 [26] [45][75]
Rockwool 0.037 [26] [45][75]
Polyethylene 0.041 [26] [45][75]
Cellulose 0.054-0.046 [26] [45][74]
Perlite 0.06-0.04 [26] [45][74]
Vermiculite 0.068-0.063 [26] [45][74]
Expanded Polystyrene 0.038-0.037 [26] [45][75]
Extruded Polystyrene 0.032-0.030 [26] [45][75]
VIP 0.0343-0.0760 [76][771[78]
Aerogel 0.0687-0.1151 [79][80]
PCM 0.021-0.05 [711[36][43]
Wall Fiberglass 0.04-0.033 [80]
Rockwool 0.037 [26] [45][74]
Polyethylene 0.041 [26] [45][75][82]
Expanded Polystyrene 0.038-0.037 [26] [45][82]
Extruded Polystyrene 0.032-0.030 [26] [45][82]
Aerogel 0.01-0.04 [83][84][85]
PCM 0.021-0.05 [71][36][43]
Gas-filled panel 0.0106-0.0350 [51]
VIP 0.0343-0.0760 [751[761[77]
Cellulose 0.054-0.046 [45][75]
Window Aerogel 0.017-0.023 [83][841[85]
PCM 0.021-0.05 [86][88][89]
Ceiling Rockwool 0.040 [45][75]
Cellulose 0.054-0.046 [45][75]
Perlite 0.06-0.04 [45][75]
Vermiculite 0.068-0.063 [45][75]
Roof Fiberglass 0.04-0.033 [45][75]
PCM 0.021-0.05 [87]188][89]
Rockwool 0.037 [45][75]
Polyethylene 0.041 [45][75]
Expanded Polystyrene 0.038-0.037 [45][75]
Extruded Polystyrene 0.032-0.030 [45][75]
Gas-filled panel 0.0106-0.0350 [51]
VIP 0.0343-0.0760 [51][90]
Cellulose 0.054-0.046 [45][75]

III. RESULTS AND DISCUSSION

The choice of materials in thermal insulation has a
significant effect on the energy efficiency of the building.
Accurate insulation increases the energy efficiency of the
building. It is doubtful whether the traditional materials
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commonly used in the market are the right thermal insulation
material because many renewable insulation materials will be

an alternative to them.
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Fig. 3 Evaluation of thermal conductivity-thermal diffusivity of insulation
materials

It is clearly shown in Figure 3 that renewable insulation
materials may be an alternative to conventional insulation
materials. Widely used items in the market have good
properties such as stone wool, glass wool, EPS, XPS
performance. However, when it is looked at Figure 3, there
are renewable insulation materials that can compete with
these materials. Especially, sheep’s wool is in the same region
as glass wool. Moreover, the presence of flax in the same
region as the stone wool proves that these materials are a good
thermal insulation material when they are not underestimated.
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Fig. 4 Evaluation of cost-thermal conductivity of insulation materials

One of the critical points in the selection of insulation
material is the price. Once again, renewable insulation
materials can compete with traditional insulation materials at
significant levels. This is clearly seen in Figure 4. If the price
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and thermal conductivity are considered, the renewable
insulation materials are almost in the same region. If it is not
compared with the traditional insulation materials that are
widely used, there is the same region of stone wool and glass
wool with renewable insulation materials such as sheep wool,
recycled wool, hemp, and cork. This explains that renewable
insulation materials are not significantly different in price
from stone wool and glass wool, which have a large market
share. Many renewable insulation materials that do not have
a drawback in terms of the price should be used comfortably.
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Fig. 5 Evaluation of energy consumption-global warming potential of
insulation materials

Among the essential performances affecting material
selection, the other two are energy consumption and global
warming potential. Today, many global warming studies are
being carried out studies on environmentally friendly and
sustainable insulation [91]. Energy consumption is also a
separate factor. Excessive operations applied while producing
insulation material increase the cost as well as of residential
construction project duration [92]. Therefore, the price of the
material is increasing in the market. When it is carefully
examined in Figure 5, it can be seen that the renewable
insulation materials are considerably different from
conventional insulation materials. Renewable insulation
materials are the best environmentally friendly insulation
materials. Even the best environmentally friendly
conventional insulation material does not approach the low
value of renewable insulation materials.

IV. CONCLUSION

Based on these findings, natural insulation materials are
recommended instead of insulation materials that cause high
heat resistance, reduce energy consumption, have a low
environmental impact, and have low thermal conductivity.
Based on Figure 5, it is observed that natural insulation
materials have a lower impact on global warming since they
require lower energy consumption. From Figure 4 it is
observed that natural insulation materials are much cheaper
for the same thermal properties. Overall, natural insulation
materials have a longer useful lifetime and competitive fire
resistance. Phase change materials are auspicious as energy
storage solutions for active and passive building heating and
cooling concepts. Many studies have been done in this field
with increasing applications in practice as well. Generally,
research in this field is still immature. Therefore, this paper



investigated overall problems and found that further research
is required to get this technology applicable in full scale,
which includes trainings and challenges for tomorrow’s
workforce.
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