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A R T I C L E  I N F O   

Keywords: 
Lightweight blocks 
Textile waste 
Thermal performance 
Experimental work 
Sustainability 
Building materials 

A B S T R A C T   

Textile industry is one of the most important sectors of the global economy, but at the same rate as production, 
millions of tons of textile waste (TW) are generated worldwide, causing negative impacts on the environment. To 
mitigate CO2 emissions and TW landfilled, its reuse and recycling are considered promising in fulfilling the 
circular economy principles. Furthermore, its valorization as building materials components may be a contri
bution towards sustainable construction. Studies already developed in this domain demonstrate that more 
research work is needed so the suitability of TW as building insulation materials can be assessed. In this context, 
it is intended with the research work here presented to propose cement-based lightweight blocks (LWB) incor
porating TW and discuss their application as insulation materials purposes. 

The studied TW was fabric leftovers from the textile industry, constituted by 70 % wool, 25% viscose, and 5% 
elastane. TW percentages of 6.25%, 8.16%, and 8.75% were considered in the cement mixture composition of 
LWB1, LWB2 and LWB3, respectively, and their influence on the LWB thermal performance was analyzed. The 
LWB thermal performance characterization was carried out by analyzing heat fluxes, inner surface temperatures, 
thermal transmission coefficients, and infrared thermal imaging. The obtained results revealed their suitability 
for thermal insulation applications. Values of 0.34 m2◦C/W, 0.61 m2◦C/W, and 0.67 m2◦C/W were estimated for 
the thermal resistance of LWB1, LWB2 and LWB3, respectively, achieving higher thermal stability when higher 
percentage of TW is incorporated in the cementitious mixture composition. A comparison of the LWB with 
currently available building materials, such as simple masonry walls and insulating concrete forms, was also 
performed showing promising results for the proposed textile waste-based materials.   

1. Introduction 

Textile industry is one of the most important sectors of the global 
economy, being distributed throughout Europe but more intensely in 
some European Union (EU) countries. Italy is the main European pro
ducer, followed by Germany, UK, France, and Spain. These five coun
tries account for over 80% of textile companies in the EU [1]. In 
Portugal, textile industries are mainly located in the north of the 
country, having an outstanding position in the economy and businesses, 
with over 150 years of large-scale production, being the most important 
sector in the foreign trade balance [2]. On the other hand, textile in
dustry has been causing negative impacts on the environment, specif
ically in what concerns to the Greenhouse Gases (GHG) emissions, since 

per 1 ton of textile production 17 tons of CO2 are generated [3]. Thus, at 
the same rate as production, millions of tons of textile waste (TW) are 
produced worldwide, whose amount varies from region to region 
depending on the culture, population density, living style, fashion 
trends, and users income [4]. 

Textile waste can be either postindustrial or postconsumer [5]. 
Postindustrial TW is the waste generated during the manufacturing 
process and usually involves apparel cutting waste, excess fabrics, and 
refusals due to quality issues. It is known as ’clean waste’ since fabrics 
are unused when disposal. Postconsumer TW refers to the unwanted 
clothing discarded by the consumer after being used [6,7]. By 2030, the 
waste production sectors will have risen by 63% [8], with TW repre
senting approximately 6% of the total municipal solid waste (MSW) and 
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accounting for more than 3% of the GHG emissions [9]. In the United 
States, about eleven million tons of textile affiliated products end up in 
landfills [10], while in the EU, post-consumer textile waste is registered 
at nearly 16 million tons yearly. In addition, only 10% of this waste is 
recycled by industrial enterprises [11], and other 15–25% of disposed 
textiles are collected by other means (the rest is landfilled or inciner
ated), whereof about 50% is down cycled and 50% is reused, mainly 
through exporting to developing countries [7,12]. Nevertheless, there 
are considerable disparities within Europe. More notable examples are 
Germany and Denmark, in which about 70% and 50% of disposed tex
tiles are, respectively, collected for reuse and recycling [13]. In Portugal, 
the main TW becomes from wool, cotton, and synthetic and artificial 
fibers, according to the Technical Guide of the Textile Sector [14]. The 
TW annual generation in this country is about 230 tons, which repre
sents 5% of MSW [15]. 

From the environmental point of view, as most of the disposed tex
tiles products can be reused and recycling, which means about 83–85%, 
it represents a diminishing impact compared to incineration and land
filling [13]. Statistically, TW represents about 5% of the volume in a 
landfill and the global textile recycling rate stands for approximately 
13%. This is relatively low comparing to other materials, which achieve 
much higher recycling rates, e.g., 58% for paper, 73% for ferrous wastes 
and 90% for glass containers [10]. However, reuse is more advantageous 
than recycling, mainly because some types of waste contain many of 
toxic materials and heavy metals (e.g. Pb, Cr, Hg, Ni, etc.) deriving from 
textile dyes [9]. Thus, environmental concerns with waste resulting 
from textile industry have been increasing. In the EU, various directives 
and regulations are in practice when it comes to the management, 
treatment, and disposals of waste materials, such as the Waste Frame
work Directive (EU, 2008) [16], the Landfill Directive (EU, 2003, EU, 
1999) [17,18], and the Waste Incineration Directive (EU, 2000) [19]. 
These directives have been rapidly transforming the waste management 
systems and pushing EU countries to adopt the legislative incentives in 
more sustainable ways, towards environment protection and human 
health, for instance, rising the recovery of valuable resources and 
decreasing the disposal in landfills [20]. 

Based on the economic assessment of TW streams, this type of wastes 
can be a material source for the generation of value-added products. Due 
to the periodic generation of TW, its reuse and recycling are considered 
promising in fulfilling the concept of circular economy [21]. A In this 
context, adding this type of wastes as building materials components can 
be a promising solution, contributing to the reduction of energy con
sumption employed in the exploitation of natural resources, performing 
a significant role in sustainability, including the environmental, eco
nomic, and social perspectives [22,23]. However, according to the 
literature review, few studies have been developed in this field, justi
fying more research work, namely with emphasis on obtaining building 
materials with thermal insulation capacity by incorporating TW. 

Textile waste as an alternative thermal insulation building material 
solution was researched by Ana Briga-Sá et al. [24], finding that the 
thermal reinforcement of external double walls with woven fabric waste 
(WFW) and woven fabric sub-waste (WFS) in the air-box increased the 
thermal resistance of the wall in 56% and 30%, respectively, when 
compared to the double-wall with the empty air-box. It was also 
concluded that WFW has better insulation characteristics than WFS. The 
thermal conductivity (λ) value obtained for the WFW is similar to the 
ones that characterize the well-known thermal insulation materials, 
such as extruded polystyrene (XPS), expanded polystyrene (EPS), and 
mineral wool (MW). Even so, similarities were found with other insu
lation materials such as granules of clay, vermiculite, or expanded 
perlite. Dissanayake et al. [25] studied the development of thermal 
insulation panels using compression molding. Different proportions of 
Nylon/Spandex and Polyurethane were subjected to a thermal conduc
tivity test. A panel of 1 m2 with 10 mm of thickness was produced using 
10 kg of waste material. The mixture presenting the best thermal insu
lation was experimentally found to be 60% Nylon/Spandex fabric shreds 

mixed with 40% Polyurethane shreds, achieving a thermal conductivity 
value of 0.0953 W/m K. It was also presented that the thermal con
ductivity value can be approximately described in the form 1367 * 
T− 5.272 + 0.08799, where T represents the thickness of the panel. 
Gounni et al. [26] investigated the thermal performance of an external 
wall based on acrylic and wool TW and submitted it to real climatic 
conditions tests. Results showed a good thermal behavior, characterized 
by a thermal conductivity varying in the range 0.03745–0.04581 W/m 
K. The experimental results were validated using a thermally controlled 
cavity at a reduced scale. A comparison of the thermal and energetic 
performance of the wall incorporating the proposed material and the 
classical insulation materials (i.e., rock wool (RW) and EPS)) was per
formed, showing that the TW-based insulation is a competitive solution 
in terms of annual heating and cooling loads. Islam et al. [27] discussed 
the mechanism of thermal and acoustic insulation of TW through the 
measurement process by following the international standards. The 
insulation properties of different materials were compared. In some 
cases, thermal and acoustic insulation materials produced from TW 
showed much more favorable results than the currently available and 
dominating products in the market. Considering the promising thermal 
performance of textile waste-based materials, a more detailed charac
terization of the TW potential should be performed. Several solutions 
can be proposed for insulation purposes, considering the amount and 
diversity of TW generated. More research work can be done aiming to 
fully characterize new TW-based insulation products with different 
mixtures compositions, by replacing commonly used materials for TW 
and applying different binders. It is intended with the research work 
here presented to contribute to the scientific knowledge in this field, 
evaluating the potential of incorporating TW to produce lightweight 
blocks (LWB) with insulation purposes. Three cement-based LWB with 
different TW compositions will be thermally characterized. Different 
thermal parameters such as heat fluxes, inner surface temperatures, 
thermal transmission coefficient, thermal resistance and thermal con
ductivity will be estimated and discussed. An infrared thermal imaging 
analysis will be performed to assess the inner and outer surface tem
peratures fluctuation. A comparison with current insulation materials 
will also be done to evaluate the suitability of the proposed textile waste- 
based materials. This research work constitutes a preliminary approach 
of applying this type of textile wastes as cement-based lightweight 
blocks with insulation properties, aiming to be an incentive to waste 
reuse as sustainable materials components, fitting the circular economy 
principles. 

2. Materials and methods 

2.1. Textile waste (TW) characterization 

The TW used in this work was provided by a Portuguese textile 
factory. The original size of the TW pieces was considered to large (10 to 
15 cm) to be incorporated in cementitious mixtures, so they were sub
sequently cut into smaller pieces with a maximum length of 3 cm in 
order to facilitate both the workability and molding of the lightweight 
block’s mixtures. (Fig. 1). 

The density of dry pieces and water absorption of TW were deter
mined following NP EN 1097-6 (Annex A and C) [28]. The experimental 
procedure was replicated three times and the average and coefficient of 
variation were calculated. It was concluded that TW presented low 
density, 217 kg/m3 (CoV: 0.21), being also characterized by a high- 
water absorption, 892.60% (CoV: 0.07) in comparison with other 
types of wastes [29,30], as it was expected. 

In order to identify the TW composition, a DHT-2 KFG moisture 
meter was used, Fig. 2. This device instantly measures the moisture 
content of fibers, yarns, and textiles, allowing to obtain, on a scale from 
0 to 100, the textile composition, the percentages of cotton, wool, linen, 
polyester, and acrylic fibers, among others. The moisture content is 
determined using needle probes that measure the electrical conductivity 
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of the material, which is always proportional to the content of the 
moisture, allowing to identify its composition. Thus, it was concluded 
that the TW under study is composed of 70% wool, 25% viscose, and 5% 
elastane. 

Among the natural fibers, wool from animals (sheep) is one of the 
oldest textile fibers used by mankind [28], known to have many 
outstanding properties including excellent insulation and low flamma
bility characteristics [29,27]. One of the disadvantages associated with 
the animal wool insulation materials is their susceptibility to higher 
moisture content, evidenced in the water absorption content of the TW 
used in this study, and the resultant drop in their performance [30]. In 
terms of environmental profiles, wool fiber-based materials consume the 
lowest amount of energy during the material use and disposal stages 
than any other existing natural materials [31]. Viscose fiber is widely 
used in clothing due to its comfort and good dying properties, but the 
flammability limits its application [32]. A viscose fiber can be described 
as a fiber bundle consisting of thin, round fibers, which create grooves 
on the surface of the bundle. It presents a high water retention capacity 
and a high level of swelling [33]. Elastane fibers are filaments of which 
at least 85% by weight consist of segmented polyurethane (urea), 
characterized by high elasticity and, at the same time, high strength 
values, balanced elastic properties, and excellent thermal and hygro
thermal behavior [34]. 

2.2. Lightweight blocks (LWB) production 

2.2.1. Mixture composition 
The potential incorporation of TW as a raw material to produce 

lightweight blocks with thermal and non-structural properties for 
application on partition walls was evaluated. For the mixture’s 
composition, water, Portland limestone cement (CEM II/B-L 32.5N) and 
TW were used Fig. 3. 

For the manufacture of textile-based compositions, a mixture of 
water and Portland cement was made, at once the TW was introduced 
until obtaining, as well as possible, a homogeneous mixture. This pro
cedure can be seen in Fig. 4. A release agent was applied to the mold’s 
surface before the mixtures were poured into it. 

Different percentages of TW were considered in the mixture 
composition in order to analyze their influence on the LWB thermal 
performance. TW percentages were defined focusing on increasing the 
addition of waste and decreasing the cement content in the mixture, 
guarantying workability and reducing segregation. Table 1 shows the 
composition of the mixtures to produce LWB1, LWB2, and LWB3. 

Considering the lack of knowledge in this field regarding the mixture 
performance, particularly in what concerns to workability, water ab
sorption, and its behavior during the curing process, optimization of the 
mixtures was carried out. The mixture of LWB1 presents the lowest 
percentage of TW while LWB3 has the highest percentage of TW 
incorporation. The quantity of cement decreased with the increase of 
TW but an adjustment in the water percentage was performed. The 
composition LWB1 was the first mixture to be developed and it was 
considered as the reference sample. After the curing process, consider
able segregation of cement in the specimens with the LWB1 composition 
was verified. To avoid this phenomenon, this mixture was optimized by 
reducing the quantity of cement, leading to composition LWB2. 
Although a reduction in cement segregation was verified after the curing 
process, it persisted and so, an optimization of the mixture composition 

Fig. 1. Textile waste incorporated in the lightweight blocks mixtures: a) Original dimensions, b) After being cut (max 3 cm length).  

Fig. 2. DHT-2 KFG moisture meter.  

Fig. 3. Materials used in the mixture’s composition: TW, water, and Port
land cement. 
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allowed to obtain LWB3. In this case, the amount of cement was 
adjusted, and the percentage of water was reduced. 

As referred, mixture optimization was performed to avoid segrega
tion and three different compositions were defined. However, the ma
terial integrity was verified for the different specimens after the curing 
process, showing that different degrees of cement segregation could be 
an advantage for subsequent application in partition walls as coating 
materials given the regularization of one of the specimen surfaces. 
Furthermore, the addition of textile wastes with high water absorption 
to cementitious composites may lead to shrinkage occurrence. However, 
studies revealed that shrinkage of mortar strongly depends on the type 
and quantity of wastes incorporated in the mixture, their surface char
acteristics and moisture absorption behavior [35]. In the particular case 
of the lightweight blocks, this phenomenon did not occur in a significant 
way capable of influencing the integrity of the blocks and the analysis of 
the thermal properties. Thus, despite having proceeded to optimize the 
mixture’s composition avoiding segregation phenomenon, the thermal 
performance analysis was carried out for the three mixtures, allowing to 
compare the influence of different percentage of TW on LWB thermal 
properties. 

2.2.2. LWB manufacturing process 
Molds with dimensions 60 cm × 25 cm × 10 cm (length × height ×

width) were made in pinewood, Fig. 5. A specimen was considered for 
each mixture composition for further thermal behavior analysis. Fig. 6 
presents the lightweight blocks LWB1, LWB2, and LWB3 which were 
demolding after three days. 

2.2.3. Density 
In Fig. 7, it is represented the mass variation of LWB1, LWB2, and 

LWB3 during the curing process. It can be observed higher values for the 
specimen LWB1 when compared to LWB2 and LWB3, which can be 

justified by the fact that approximately the double amount of cement 
was used in the first block comparing to the other two. It was verified 
that after 72 days of curing, LWB1 was 45.3% and 47.8% heavier than 
LWB2 and LWB3, respectively. The drastic decrement in mass verified 
for LWB2 and LWB3 results from the TW water absorption capacity 
during the mixture production, which increases with the increasing of 
TW content (Table 1). LWB2 and LWB3 present similar proportions for 
TW, water and cement, leading to similar drying process. LWB1 pre
sented a less accentuated decrement in mass which may result from 
lower percentage of TW in the mixture, which means that water is 
essentially used for cement hydration, with a smaller amount being 
absorbed by the TW when compared to LWB2 and LWB3. It can be also 
noticed that the mass of all specimens tends to stabilize after 28 days of 
age. 

Most lightweight building blocks are produced with ordinary Port
land cement (OPC)-based concrete. Furthermore, a low-density con
struction material is considered when it has a density between 300 kg/ 
m3 and 1800 kg/m3 [36,37]. Table 2 shows the specific mass or density 
of the studied specimens after 72 days of curing, where it can be 
observed that LWB3 is the lowest-density unit since the density di
minishes as a decreasing cement content and an increasing TW 
percentage. 

2.3. Thermal performance analysis 

2.3.1. Experimental setup 
Experimental tests were carried out to analyze the lightweight blocks 

thermal performance. This experimental analysis was performed to es
timate the thermal transmission coefficient (U) following the procedure 
according to ISO 9869 (1994) [38], Pereira (2011) [39], and already 
carried out in similar research works [24,40,41,42,43]. In addition to 
the calculation of U value, data acquired during the measurement period 
allowed to obtain the oscillation patterns of heat fluxes and surface 
temperatures for each LWB, leading to their thermal behavior charac
terization. Experimental work was developed in a test room with 4.00 m 
× 3.00 m × 2.54 m (length × width × height) size, whose indoor con
ditions were controlled. A uniform high thermal gradient between in
door and outdoor environments is desirable to guarantee a significant 
heat flow, always occurring in the same direction across the analyzed 
samples. In this case, these conditions were achieved heating the test 
room, guarantying an interior temperature with lower oscillation 

Fig. 4. Preparation of the mixtures: a) Cement and water mixture; b) TW incorporation; c) Final mixture.  

Table 1 
Composition of the LWB mixtures, in weight percentage (wt%).  

Mixture ID TW (wt%) Cement (wt%) Water (wt%) 

LWB1  6.25  46.88  46.88 
LWB2  8.16  30.61  61.22 
LWB3  8.75  32.86  58.40  

Fig. 5. Lightweight blocks mold (60 cm × 25 cm × 10 cm).  
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patterns and always higher than the outside temperatures. Three panels, 
each one corresponding to one lightweight block, were analyzed 
simultaneously, allowing to compare the thermal performance of the 
different LWB compositions. These panels were placed in the north 
oriented external wall of the test room, carefully fixed to the external 
wall, surrounded by extruded polystyrene (XPS) and polyurethane foam 
(PU) to avoid thermal bridges, non-insulated headers and other faults 
that could lead to lateral flows occurrence and comprise the experi
mental test reliability (Fig. 8 and Fig. 9). Fig. 8 shows the different steps 
for placing the LWB on the XPS panel, properly insulated, for subsequent 
application on the exterior wall of the test room, as presented in Fig. 9. 

The experimental equipment was composed of two heat flux sensors, 
HF1 and HF2, four inner surface temperature sensors, Tsi11, Tsi12, Ts21, 
and Tsi22 fixed in each block (Fig. 10) and two temperature sensors, one 
inside the test room (Ti) and the other outside (Te) to measure the 
exterior environmental conditions. The heat flux and the surface tem
perature sensors were fixed in the block’s inner surface. 

The temperatures of the internal and external environments (Ti(n) 
and Te(n)), the heat flux (q1(n) and q2(n)) measured, respectively, by 
HF1 and HF2, and the inner surface temperatures (Tsi(n)) were contin
uously acquired with 10 min’ intervals (n). 

According to ISO 9869 [38], the measurement period is the time 
needed to maintain the heat flux signal and it depends on the thermal 
inertia and the heat storage capacity of the building solution under 
analysis. In this case, the maintenance of the heat flux signal was 
guaranteed by heating the test room and achieving an interior temper
ature always higher than the exterior temperature during the measure
ment period. ISO 9869 [38] also states that for high inertia elements, a 
fourteen-day test period is recommended, while for the case of low 
thermal inertia, measurements can be performed for a minimum period 
of 72 h. However, a test duration higher than the required has been used 
in the study of new building components, namely the ones composed of 

Fig. 6. Lightweight blocks: a) LWB1; b) LWB2; c) LWB3.  
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Fig. 7. Drying process of the lightweight blocks.  

Table 2 
Density of LWB1, LWB2, and LWB3 after 72 days of curing.  

Specimen ID Mass (kg) Volume (m3) Density (kg/m3) 

LWB1 15.89 0.015 1059.07 
LWB2 8.69 0.015 579.40 
LWB3 8.35 0.015 556.60  

Fig. 8. Sample’s preparation: a) XPS panel; b) and c) placement of the LWB; d) placement of insulation boards surrounding the sample.  
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unusual materials or multi-layer systems [40,41]. So, experimental 
measurements were carried out during 11 days in order to consider the 
heterogeneity of the textile waste blocks and the test conditions stabi
lization. The measurement period occurred between the 9th and the 
20th of September. 

2.3.1.1. Calculation methodology. The ISO 9869 [38] indicates that the 
measurement of the thermal transmission coefficient (U) of a building 
element using a heat flow meter, assessing temperature in both sides of 
the building element, can be done assuming that the mean value of the 
heat flow rate and temperatures over a sufficiently long period of time 
provides a good estimate of the steady-state conditions. It is also 
considered that the thermal properties and the heat transfer coefficient 
of the materials are constant over the range of temperature fluctuation 
that occurs during the experimental test. It can also be assumed that the 
change of the amount of heat stored in the building element or material 
is negligible when compared to the amount of heat going through it. In 
addition, it is recommended to use interior (Ti) and exterior (Te) tem
peratures instead of surface temperatures to determine the thermal 
transmission coefficient. Taking these conditions into consideration, 
data acquisition and analysis are based on the average method or dy
namic method. Thus, the thermal transmission coefficient (U) of the 
LWB can be quantified given the heat flow that occurs through it when 
subjected to a temperature differential between indoor and outdoor 
environments, as presented in Eq. (1): 

U(ntotal) =
∑ntotal

n=1 q(n)
∑ntotal

n=1 (Ti(n) − Te(n))
(1)  

where q(n) is the heat flow across the sample for the instant n; Ti(n) and 
Te(n) are, respectively, the interior and the exterior temperatures in the 
instant n; ntotal refers to the total number of instants in which data was 
registered during the measurement period. 

As referred previously, the heat flux values, q1(n) and q2(n) are 
obtained by placing the two heat flux sensors, HF1 and HF2, in each 
LWB. The use of four temperature sensors in the inner surface of each 
LWB allows the acquisition of Tsi11(n), Tsi12(n), Tsi21(n), and Tsi21(n) 
values. Assessing the temperature differential between the interior, Ti 
(n), and the exterior, Te(n), environments, it is possible to estimate the 
thermal transmission coefficients for each LWB panel, U1(ntotal) and U2 
(ntotal), respectively, by applying Eq. (1). The thermal transmission 
coefficient of each LWB solution, U‘(ntotal), results from the average 
value of U1(ntotal) and U2(ntotal), as defined in Eq. (2): 

U′

(ntotal)
U1(ntotal) + U2(ntotal)

2
(2) 

Based on the experimental assessment of U‘(ntotal) value for each 
LWB panel, it was possible to estimate the thermal resistance R‘(ntotal) 
of the proposed building solution, using Eq. (3). 

R’(ntotal) =
1

U’(ntotal)
(3) 

Considering the external and internal superficial thermal resistances, 
Rse and Rsi, respectively, it was possible to obtain the thermal resistance 
of each LWB, RLWB, by applying Eq. (4). In this case, the values of Rse and 
Rsi are 0.04 m2◦C/W and 0.13 m2◦C/W, respectively [44]. 

R’(ntotal) = RLWB +RSi +RSe (4) 

Although the LWB homogeneity is conditioned by the percentage 
and size of the TW pieces incorporated in the mixture’s composition, 
solid blocks with visible integrity were obtained after the curing process, 
Fig. 11, leading to a theoretical approach on the thermal conductivity 
value (λLWB) of the material that makes up each of the LWB, applying Eq. 
(5). 

Fig. 9. Experimental setup: a) interior view; b) exterior view.  

Fig. 10. Sensor’s location: Heat flux sensors HF1 and HF2; Inner surface tem
perature sensors Tsi11, Tsi12, Ts21, and Tsi22. 

Fig. 11. LWB cutting detail after the curing process.  
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λLWB =
eLWB

RLWB
(5)  

where eLWB represents the thickness of lightweight blocks, which in this 
case is 10 cm and RLWB is the respective thermal resistance, calculated 
previously according to equation (4). 

This calculation methodology was applied for the three analyzed 
LWB and allowed to estimate the values of the thermal parameters 
resulting from experimental measurements, which were compared with 
the values already known for current building solutions with insulation 
purposes. 

A complementary thermographic analysis was also carried out using 
a thermography camera to identify the surface temperatures fluctuation 
of the different LWB, both inside and outside, at different periods of the 
day (10 a.m., 2 p.m., 6 p.m., and 10 p.m.) using infrared technology. The 
evolution of temperature fluctuations throughout the day in each sample 
as well as a comparative analysis between the different LWB composi
tions were performed. 

3. Results and discussion 

3.1. Heat flux 

The experimental measurements allowed to obtain the temperature 
variation of the indoor and outdoor environments. In Fig. 12, it can be 
observed that the requirements defined in ISO 9869 [38] were guaran
teed in what concerns to the maintenance of the heat flux signal given 
that heating the room allowed to achieve values of Ti always higher than 
Te during the measurement period. A stabilization of Ti was obtained 
with an average value of 35.7 ◦C. The minimum and the maximum 
values recorded for Te were 7.9 ◦C and 29.1 ◦C, respectively. Thus, a 
positive differential between Ti and Te was verified during all the test 
period, where a minimum value of 6.2 ◦C was obtained during the day 
and a maximum value of 28.2 ◦C was achieved during the night. This 
temperature variation leads to positive curves of q1(n) and q2(n) during 
the experimental tests, as shown in Fig. 12. 

A comparison between the three LWB panels allowed to conclude 
that higher values of q1(n) and q2(n) were verified for the LWB1 solu
tion, with significant variations between the day and the night periods. 
So, higher oscillation patterns of heat flux curves were identified in the 
case of LWB1, whose mixture includes lower TW percentage and higher 
cement content. An average differential around 2.2 W/m2 was verified 
between q1(n) and q2(n) in the case of LWB1, showing that heat flux 

sensors HF1 and HF2 were fixed at points of the material with similarities 
in terms of composition and homogeneity. Values of 0.87 W/m2 and 4.4 
W/m2 were obtained in the case of LWB2 and LWB3, respectively. It was 
also found that LWB2 and LWB3 samples presented similar heat flux 
values since their curves are almost overlaid. However, LWB3 displayed 
slightly greater oscillations in its curves that may be ascribed to a greater 
number of empty voids resulting from the decrease of cement quantity 
and the size of TW pieces, which can also justify a higher average dif
ferential between q1(n) and q2(n) values when compared to the 
remaining solutions. Comparing the average values of q1(n) and q2(n) 
for the three panels, LWB2 and LWB3 presented, respectively, a reduc
tion of 33.8% and 39.5% in the heat flux values when compared to the 
ones that characterize LWB1. A delay in the peaks of LWB2 and LWB3 
curves was also verified in relation to LWB1, showing better resistance 
to heat transfer in the case of the samples with higher TW content when 
subjected to the same temperature differential between the indoor and 
the outdoor environments. 

3.2. Inner surface temperatures 

The variation of the inner surface temperatures shown in Fig. 13 also 
corroborates the results presented previously in what concerns to the 
heat flux variation. Lower values of Tsi were obtained for the LWB1 
solution and the curves of LWB2 and LWB3 panels are practically 
overlapped, following similar oscillation patterns to the ones observed 
in the case of heat flux curves. For each textile waste lightweight block, 
the values acquired by two inner surface temperature sensors, Tsi11(n) 
and Tsi21(n), are represented in Fig. 13. The oscillations recorded 
showed a minimum of 23.8 ◦C, a maximum of 34.1 ◦C, and an average 
value of 32.0 ◦C in the case of LWB1. 

The average temperatures found on the surface of LWB2 and LWB3 
are 3.1% higher than the ones verified for the LWB1 solution. In both 
cases, a minimum and a maximum temperature around 25.0 ◦C and 
33.0 ◦C, respectively, were registered. However, it is worth noting that 
their inner surface temperature curves were more regular than the Tsi 
curves of sample LWB1. As stated before, this difference in the thermal 
behavior of LWB1 comparing with LWB2 and LWB3 can be attributed to 
the mixture composition, since LWB1 has less than 23.4% of textile 
waste and more than 34.7% of cement content. 

3.3. Thermal transmission coefficient 

The acquired values of Ti(n), Te(n), q1(n), and q2(n) were used to 

Fig. 12. Variation of interior (Ti(n)), exterior (Te(n)) temperatures and heat flux (qi(n)).  
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estimate the thermal transmission coefficients U1(ntotal) and U2(nto
tal), Fig. 14, and the average value U’(ntotal) for each LWB solution, 
applying Eq. (1) and Eq. (2). As it can be seen, a stabilization of the 
thermal transmission coefficient values is verified during the experi
mental measurement, excluding the beginning and the ending periods of 
the test period, which are not considered in the calculation of U’(ntotal) 
value. The higher values of U1(ntotal) and U2(ntotal) correspond to the 
LWB1 solution, while LWB2 and LWB3 are characterized by the prox
imity of the thermal transmission coefficient values. According to Eq. 
(2), U’(ntotal) values of 1.98 W/m2◦C, 1.29 W/m2◦C and 1.19 W/m2◦C 
are estimated for LWB1, LWB2 and LWB3 panels, respectively. It means 
that the thermal transmission coefficient for LWB2 and LWB3 were 35% 
and 40%, respectively, lower than LWB1. These results are ascribed to 
the mixture composition, as was already explained in section 3.2. 

The thermal resistance R‘(ntotal) of each block panel was also 
calculated using Eq. (3) and the values of 0.51 m2◦C/W, 0.78 m2◦C/W, 
and 0.84 m2◦C/W were obtained, respectively, for the solutions of 
LWB1, LWB2, and LWB3. Given the inverse proportionality between the 
thermal transmission coefficient and the thermal resistance, the LWB1 
panel had the lowest thermal resistance in comparison LWB2 and LWB3 
solutions, which values are very close. Considering Eq. (4), the thermal 
resistance of each textile waste lightweight block, RLWB, can be deter
mined. They are characterized by RLWB values of 0.34 m2◦C/W, 0.61 
m2◦C/W, and 0.67 m2◦C/W, respectively. Therefore, R‘(ntotal) for LWB2 

and LWB3 registered an increase of 79% and 97%, respectively, in 
comparison to LWB1, resulting in lower thermal conductivity values, as 
seen below. This finding is in line with the results found by El Wazna 
et al., [45] and Patnaik et al., [29] who investigated the thermal prop
erties of nonwoven material based on wool and acrylic, and wool and 
recycled polyester, respectively. 

A theoretical value was also estimated for the thermal conductivity 
(λLWB) of each block. Values of 0.294 W/m◦C, 0.164 W/m◦C and 0.2149 
W/m◦C were achieved for LWB1, LWB2 and LWB3, respectively. LWB2 
and LWB3 results are in accordance with the λ values obtained by Dis
sanayake [25] in samples with a thickness of 6.0 and 6.6 mm and 20.0 
and 22.5 g, of post-industrial textile waste, respectively. This author 
studied a method to produce heat-insulating materials by compression 
molding, using postindustrial waste nylon/spandex fabrics and poly
urethane offcuts. It is also comparable with Muthuraj’s [46] results, who 
utilized textile waste fiber to develop a lightweight and thermal insu
lation composite for interior building materials. 

The obtained values for the different thermal performance parame
ters support the reliability of the experimental results since it is in 
accordance with the percentage of TW used in the composition of the 
mixtures. In Table 3, the main results of the LWB thermal performance 
are summarized, presenting the average values for the different vari
ables under analysis. 

A comparison of the proposed solutions with currently available 

Fig. 13. Variation of interior (Ti(n)) and inner surface temperatures (Tsi(n)).  

Fig. 14. Variation of the thermal transmission coefficients (U1(ntotal) and U2(ntotal)).  
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building materials was also carried out to assess their suitability for 
thermal insulation purposes. Comparing the thermal resistance values 
obtained for the three LWB with the values available for simple masonry 
walls with 10 cm of thickness, it is observed that the proposed blocks 
present values of the same magnitude, being even higher in the majority 
of the cases, thus revealing more satisfactory properties in terms of 
thermal performance, as indicated in Table 4, [44]. For example, 
considering a common solution of ceramic solid brick, whose thermal 
resistance value is 0.13 m2◦C/W, higher values can be achieved for all 
the LWB solutions. This is also verified when a comparison is performed 
with hollow ceramic bricks or lightweight concrete blocks. In addition, a 
comparative analysis was done considering the thermal conductivity 
value. In this case, current insulating concrete forms were compared, 
showing promising results for the proposed textile waste-based 
materials. 

3.4. Infrared thermal imaging analysis 

Thermography is a non-destructive testing technology that can be 
used to evaluate building performance [47]. It worth to mention that the 
surface pattern strongly depends on the material properties, i.e. thermal 
diffusivity, porosity, density [48]. In this study, a thermographic camera 
was used to analyze the LWB surface temperatures fluctuation at 
different periods of the day with 4 h’ intervals. Different thermograms 
were collected 2 m away from the samples, considering as input pa
rameters the material emissivity and the reference temperature equal to 
0.54 and 20 ◦C, respectively. In Figs. 15–18, the inner and the outer 
surface temperatures values, Tsi and Tse, respectively, are represented 
for each LWB panel, so a comparison of the temperature profiles can be 
performed. Table 5 presents the indoor and outdoor environmental 
conditions regarding the acquired values of air temperature (Ti and Te) 
and relative humidity (HRi and HRe). Infrared thermal imaging can give 
additional information about the thermal behavior of each sample when 
submitted to the same temperature gradient and allow to identify 
possible heterogeneity zones [24] in the LWB composition. 

Fig. 15 shows the thermograms collected during the morning period, 
at 10 a.m. from the interior and exterior of the test room. Comparing the 
thermographic images of the three LWB, zones of heterogeneity in LWB3 
stand out, represented by darker spots with lower inner surface tem
perature values, suggesting the existence of a greater number of voids 
resulting from the increase in the amount of TW and the reduction of 
cement content in the mixture composition. This heterogeneity is also 
visible from the thermal images registered outside. In this context, LWB3 
is characterized by the highest surface temperatures, in both inner and 
outer surfaces. The values of Tsi are very similar for the LWB1 and LWB2 
panels, while for Tse values this difference is more pronounced. For all 
the cases, Tsi and Tse values are higher than Ti and Te values, respec
tively. It is also verified that the temperature differential between Tsi 
and Tse for each block is not very significant, which is due to the ma
terial thermal properties. 

At 2:00 p.m., the second group of thermograms was collected, 
Fig. 16. During this period of the day, the highest values of Te were 
registered outside, while inside, the temperature value was similar to the 
ones at the remaining periods of image collection given the temperature 
stabilization when the room heating was guaranteed. Despite the diffi
culty in capturing thermograms with proper clarity given the increase in 
Te and Ti values, it is possible to verify proximity regarding Tsi values, 
which is more significant in the LWB1 and LWB2 solutions, and slightly 
higher in the case of LWB3. The surface temperatures outside presented 
more distant values, where Tse value for LWB3 (Fig. 16f) is 9% higher 
than LWB1 (Fig. 16d) which can be justified by the thermal resistance 
increase when a higher percentage of textile waste is incorporated in the 
mixture. 

At 6 p.m., the test conditions were practically similar to the previous 
ones, although a decrease in Te value was verified. It was observed that 
LWB1 presented the highest Tsi and Tse values, Fig. 17a and d, in 
contrast to the recorded values at 10 a.m. and 2 p.m. This can be 
indicative of a higher heat storage capacity of the LWB1 material as it 
presents a greater cement content in its composition, thus leading to 
higher thermal inertia and a consequent heat delay. In addition, these 
results are in accordance with the differences verified in the LWB heat 
flux curves presented previously in Fig. 12 and with the highest density 
value of the LWB material. It is also observed a slightly darker color at 
the bottom of the specimens which can be associated with the materialś 
segregation at the top. It causes higher surface temperatures due to the 
lack of cement content, which is replaced by textile waste pieces, and a 
high number of voids can be created in that zone. This situation is 
highlighted by a large light spot in the upper right corner of the LWB3 
thermal image. 

The thermograms taken at 10 p.m. show lower surface temperatures 
Fig. 18, than the ones registered previously, which is expected given the 
temperature range between the day and the night periods. All the LWB 
panels presented lower Tse values when compared to Te and only LWB1 
achieved a slightly higher Tsi value comparing with Ti. At this time, as 
was already verified for the registered values at 6 p.m., LWB1 presented 
the highest Tsi and Tse values, due to the reasons referred previously. A 
higher differential between the inner and outer surface temperatures is 
also verified for all the samples, being more significant in the LWB3 
panel, where Tsi is 4.3 ◦C higher than Tse. 

In Figs. 19 and 20, the values of the LWB inner and outer surface 
temperatures obtained for all the collecting periods of thermographic 
imaging are represented. It can be observed that LWB1 is characterized 
by the greatest surface temperature differential, being the specimen with 

Table 3 
Results of the LWB thermal performance assessment.  

Panel ID Ti (◦C) Te (◦C) Tsi (◦C) qi (W/m2) U’(ntotal) (W/m2◦C) R’(ntotal) (m2◦C/W) RLWB (m2◦C/W) λLWB (W/m◦C) 

LWB1 35.7 16.6 32.0 37.0 1.98 0.51 0.34 0.294 
LWB2 32.9 24.5 1.29 0.78 0.61 0.164 
LWB3 33.1 22.4 1.19 0.84 0.67 0.149  

Table 4 
Comparison of the thermal performance parameters between LWB and current 
building solutions [44].  

Building solution R (m2 

◦C/W) 
λ (W/m 
◦C) 

Textile waste 
lightweight blocks 
(10 cm) 

LWB1 0.34 0.294 
LWB2 0.61 0.164 
LWB3 0.67 0.149 

Current materials and 
masonry elements 

Hollow ceramic brick (10 cm) 0.27 - 
massive ceramic brick (10 cm) 0.13 - 
concrete blocks 0.16 - 
lightweight concrete blocks 0.27 - 
insulating concrete (ρ= 1000 Kg/ 
m3) 

- 0.36 

cavernous concrete (800 ≤ ρ (Kg/ 
m3) ≤ 1000) 

- 0.33 

cavernous concrete (600 ≤ ρ (Kg/ 
m3) ≤ 800) 

- 0.25 

perlite or expanded vermiculite 
aggregate concrete (400 ≤ ρ (Kg/ 
m3) ≤ 600) 

- 0.20 

pumice aggregate concrete for 
masonry blocks (ρ= 500 Kg/m3) 

- 0.16 

expanded polystyrene aggregate 
concrete (ρ= 600 Kg/m3) 

- 0.22  
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less thermal stability, as was already concluded in the thermal behavior 
experimental tests. The surface temperatures values of LWB2 and LWB3 
were also very close, even so, the specimen LWB3 presented surface 
temperatures consistent with the thermal resistance increasing and the 
thermal conductivity decreasing. 

At 10 a.m., LWB3 showed inner surface temperature values higher 
than LWB1 and LWB2 in 6.6% and 7.7%, respectively, and a similar 
trend was registered at 2 p.m. However, at 6 p.m., an increase of 2.6% 
and 3.8% was recorded for LWB1compared to LWB2 and LWB3, while at 
10 p.m. values of 2.2% and 2.6% were, respectively, achieved. Similar 
behavior was observed for outer surface temperatures registered during 
the day. So, greater TW content leads to a better space heating in the 
early hours of the day, which indicates that LWB3 sample was the 
slowest to cool down overnight. This suggests that with a higher TW 
percentage in the lightweight block composition, a better thermal sta
bility can be achieved, as it can be observed in the case of LWB3. The 
obtained results are in accordance with the findings of Nermin [49] who 
studied the acoustic and thermal performance of sustainable fiber 
reinforced thermoplastic composite panels for buildings insulation using 
three types of recycled nonwoven fabrics (jute 100%, polyester (PET) 

100%, and hybrid jute-polyester (80:20%)). 

4. Conclusions 

The thermal performance characterization of cement-based light
weight blocks incorporating different percentages of textile waste (TW) 
was performed in order to evaluate their suitability as insulation ma
terials purposes. TW percentages of 6.25%, 8.16%, and 8.75% were 
considered in the cement mixture composition of LWB1, LWB2 and 
LWB3, respectively so their influence on the LWB thermal performance 
could be discussed. The TW under study was fabric leftovers from the 
textile industry, composed by 70% wool, 25% viscose, and 5% elastane, 
which was cut into smaller pieces before the LWB manufacturing to 
ensure the mixture workability and homogeneity as much as possible. 
The LWB thermal performance characterization was carried out by 
analyzing heat fluxes, inner surface temperatures, thermal transmission 
coefficients, and infrared thermal imaging. Experimental measurements 
showed that higher oscillation patterns of heat flux and inner surface 
temperature curves were verified for LWB1, whose mixture includes a 
lower weight percentage of TW and higher cement content. Values of 

Fig. 15. Thermograms recorded at 10 a.m. inside the test room a) LWB1, b) LWB2, c) LWB3, and outside d) LWB1, e) LWB2, f) LWB3.  

Fig. 16. Thermograms recorded at 2 p.m. inside the test room a) LWB1, b) LWB2, c) LWB3, and outside d) LWB1, e) LWB2, f) LWB3.  
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0.34 m2◦C/W, 0.61 m2◦C/W, and 0.67 m2◦C/W were estimated for the 
thermal resistance of LWB1, LWB2 and LWB3, respectively. So, a ther
mal resistance increase is achieved when a higher percentage of TW is 
incorporated in the mixture composition. Furthermore, a water decrease 
contributed to overcome the segregation problems at an early curing 
stage. 

Based on the experimental results, a theoretical value was also esti
mated for the thermal conductivity of each LWB. Values of 0.294 W/ 
m◦C, 0.164 W/m◦C and 0.2149 W/m◦C were achieved for LWB1, LWB2 
and LWB3, respectively. 

A thermal imaging analysis allowed to identify the LWB thermal 
behavior during different periods of the day, showing with more detail 
heterogeneity zones and the inner and outer surface temperatures 

variation. The infrared thermal images confirmed that LWB1 showed a 
significant thermal instability, while LWB2 and LWB3 presented rather 
close surface temperatures and a lower temperature differential when 
compared to LWB1, which is due to the thermal resistance increase 
when a higher percentage of TW is included in the cementitious mixture 
composition. 

A comparison of the lightweight blocks with commonly used build
ing solutions, such as simple masonry walls and insulating concrete 
forms, was also performed showing promising results of the proposed 
textile waste-based materials when applied with insulation purposes. 

As this is a preliminary study regarding the possibility of adding 
textile wastes in the composition of cement-based lightweight blocks, 
further research work should be developed to evaluate with more detail 
other physical and mechanical properties of the proposed products, such 
as mechanical strength, fire behavior and acoustic insulation. 

However, the obtained results show the potential use of textile waste 
as building insulation materials components, contributing to the 
reduction of energy consumption employed in the exploitation of nat
ural resources, performing a significant role in sustainability, including 
the environmental, economic, and social perspectives, and fitting the 
circular economy principles. 

Fig. 17. Thermograms recorded at 6 p.m. inside the test room a) LWB1, b) LWB2, c) LWB3, and outside d) LWB1, e) LWB2, f) LWB3.  

Fig. 18. Thermograms recorded at 10 p.m. inside the test room a) LWB1, b) LWB2, c) LWB3, and outside d) LWB1, e) LWB2, f) LWB3.  

Table 5 
Environmental conditions during the thermography test.   

10 a.m. 2 p.m. 6 p.m. 10 p.m. 

Ti (◦C) 22.6 23.1 23.3 23.3 
HRi (%) 59.0 54.0 43,9 48.1 
Te (◦C) 23.2 31.0 25.2 22.6 
HRe (%) 60.0 24.0 35.4 43.0  
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Conceptualization, Methodology, Validation, Formal analysis, Investi
gation, Resources, Data curation. Tiago Pinto: Conceptualization, 
Methodology, Validation, Formal analysis, Investigation, Resources, 
Data curation, Supervision. Dinis Leitão: Methodology, Validation, 
Formal analysis. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

References 

[1] L.J.R. Nunes, J.C.O. Matias, J.P.S. Catalão, Analysis of the use of biomass as an 
energy alternative forthePortuguese textile dyeing industry, Energy 84 (2015) 
503–508, https://doi.org/10.1016/j.energy.2015.03.052. 

[2] L.J.R. Nunes, R. Godina, J.C.O. Matias, J.P.S. Catalão, Economic and 
environmental benefits of using textile waste for the production of thermal energy, 

J. Clean. Prod. 171 (2018) 1353–1360, https://doi.org/10.1016/j. 
jclepro.2017.10.154. 

[3] J. Anglade, E. Benavente, J. Rodríguez, A. Hinostroza, Use of textile waste as an 
addition in the elaboration of an ecological concrete block, IOP Conf. Ser.: Mater. 
Sci. Eng. 1054 (1) (2021) 012005, https://doi.org/10.1088/1757-899X/1054/1/ 
012005. 

[4] S. Yousef, M. Tatariants, M. Tichonovas, L. Kliucininkas, S.-I. Lukošiūtė, L. Yan, 
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