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Abstract

A thermal insulation material's effectiveness is influenced by its thermal
conductivity and ability to maintain its thermal characteristics,
particularly in hot and humid environments. In this study, different waste
materials used in building envelopes are investigated for their thermal
conductivity under temperature and humidity variations. Four materials
are being studied experimentally; rubber, paper, plastic, and foam are
mixed separately and proportionally with plain mortar. Thermal
conductivity in testing samples is determined using heat-flow meters.
Testing waste materials in a room environment for 14 days revealed
varying degrees of thermal resistance. Compared to plain mortar, the
inclusion of rubber, plastic, paper, and foam increase thermal resistance
by 1.6, 43.4, 50.5, and 101.4%, respectively. In a climatic testing
chamber, samples were exposed to extreme temperatures and humidity
levels consistent with Bahrain's monthly average temperatures. To
determine the effect of changes in temperature and humidity on each
waste material's thermal properties, the thermal resistance of the samples
was measured after 24, 48, and 72 hours. The change in environmental
factors seems to have a mild impact on rubber's thermal resistance. Most
materials are foam and plastic, while paper and paperboard are
moderately affected. Such a change is not substantial for the four tested
waste materials during the July environment. Foam, which has
demonstrated more significant changes throughout the January
environment, shows fewer changes than rubber, paper, and plastic. In an
extreme environment, all the tested waste materials, except for plastic,
are highly influenced by exposure to extremities of temperature and
relative humidity.

Keywords: Sustainability; building envelope; waste materials; thermal
resistance.
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1. Introduction and Literature review

1.1. Introduction

Human health and the environment are adversely affected by many waste materials such as rubber,
plastic, paper, and foam. Waste materials pollution has instigated a serious environmental problem
for decades, therefore new initiatives have been taken around the world to recycle wastes into
construction materials in recent years [1]. The management of waste is crucial to reducing this
impact. The health of society needs to reduce the exposure of humans to toxicants generated by
plastic garbage. Moreover, biodegradability with no harmful residues will protect ecosystems [2].
There has been a rapid increase in recycling rates for various materials across the globe. Between
1973 and 1991, the U.S. Department of Agriculture (USDA) and the Food and Paper Industry
(FP1) reported a 40% increase in wastepaper recovery worldwide [3]. Despite the negative impacts
of recycling waste materials, scientists predict that the positive impacts will outweigh the negative

effects.

Consequently, exporters and importers may benefit economically from international trade in
recycling-derived secondary materials. Besides reducing health and environmental problems, it
may also reduce pollution [4]. A well-planned and carefully executed waste management benefits
all three "pillars" of sustainable development: environmental, economic, and social sustainability.
The issue of environmental protection has been receiving considerable attention in recent years.
Industry and households generate substantial amounts of waste, contributing to the degradation of
our environment. Several efforts are being undertaken to reduce waste, like increasing reuse and
recycling. [5]. Waste management benefits future generations by creating a more robust economy,
a fairer and more inclusive society, and a cleaner environment [6]. There was an increase of nearly
20% in paper recycling in Europe during the last decade, reaching 72% in 2012. The total amount

of recyclable material produced every year may include lower-quality paper particles as well [7].

Plastics are chemically synthesized polymers used in various materials such as clothing, medical
supplies, water bottles, food packaging, electrical items, and construction materials [8]. HDPE is
a high-density polyethylene primarily used as a material to make freezer and shopping bags,
buckets, shampoo and ice cream containers, and milk containers. The consumption of this material

(HDPE) can cause stomach ulcers and harm human health. It is hard to semi-flexible, has a waxy
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surface, and is resistant to chemicals and moisture [9]. Many products are made from low-density

The impact of temperature and humidity on the thermal resistance of waste materials for the efficiency of the building envelope

polyethylene (LDPE), including garbage bags, irrigation tubing, mulch film, and cling wrap.
Despite its waxy translucent surface, it is soft, flexible, and softens at 70 degrees Celsius. This
product cannot be recycled [10]. Approximately 40% of total plastic usage in Europe was
accounted for by single-use packaging in 2008, with global plastic production estimated at 245
million tons. [11]. The global production of plastics was estimated at 311 million tons in 2017,
which is expected to quadruple by 2050. [12]. Because of the huge waste materials that have been
mentioned above, the authors thought for reusing such materials to produce cladding panels with

effective thermal properties for building insulations, that lead to sustainable architectural solutions.

1.2. Literature review

According to the literature, one of the most efficient waste materials in terms of thermal resistance
is straw, which has a thermal conductivity between 0.03 to 0.15 W/m K depending on temperature
and density [13]. According to Sabapathy and Gedupudi, straw saves from 67% to 96% of cooling
energy when used as thermal insulation in the building envelope in the Indian climate; for a 40 cm
thick straw, the savings are from 88% to 100% [14]. However, straw is not used in this research
due to its scarcity in the study region. In light of the statements outlined above, this research
significantly impacts sustainable building in both economic and environmental ways by promoting
the development of affordable and efficient materials for building envelopes, reducing energy
consumption in buildings, and improving local environmental sustainability. The only way to
achieve sustainable development could be through sustainable construction [15]. Heat transfer in
a building is significantly impacted by moisture transfer in a humid climate. To ensure a
sustainable future, buildings need thermal insulation to improve their energy efficiency [16] &
[17]. It is, however, costly to use polyurethane foam, polystyrene, and mineral wool for regular
thermal isolation. The use of waste materials could therefore provide an economical and effective
way to insulate high-temperature spaces. There is no doubt that waste-based materials have
suitable thermal storage properties, but tests on long-term evaluation, reproducibility, and stability
can pose challenges. [18]. A passive building's excellent design provides excellent protection from
hot and humid conditions [19].
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To assess thermal insulation properties, it is important to study the impact of temperature and

humidity, particularly when using waste-based materials. Several Studies have revealed that
temperature and humidity are essential parameters influencing the thermal conductivity of
insulation materials [20]. Literature shows that insulation materials conduct heat more readily as
the temperature rises and humidity rise. However, the degree of change depends on the material.
Sugarcane bagasse waste fibers were tested as an insulation material, and results indicated that
they performed reliably at low- and mid-frequency [21].

According to a study by Sair and other researchers, the fiber composite material can be used in
various applications due to its thermal and hygrometric properties; the material can be made from
fibers, cork, and cardboard with gypsum reinforcement [22]. Gounni and other researchers have
developed a thermal insulation material based on acrylic and wool. Their study conducted on an
external wall subjected to actual climatic conditions indicated that the insulations were competitive
for annual loads compared to conventional insulations [23]. A study of thermal insulation using
wastepaper and lime has discovered significant thermal insulation capacity associated with low
thermal conductivity values [24]. Replacing 20% of aggregate and 10% of sand with crumb rubber
could improve the thermal conductivity of the produced concrete [25]. Other researchers have
tested the concrete includes coconut shells. Thermal conductivity of the tested samples has been
reduced in comparison with the plain concrete [26]. As the research area has no coconuts farms,
therefore, the authors have included the rubber in the comparison investigation with the other four
materials. Overall, insulation materials show a linear relationship between thermal conductivity
and temperature [27], [28], [29] & [30].

1.3. The issue and objective

Although there is a huge amount of waste materials which have high thermal resistance, few
researchers have thought of utilizing such waste materials in building insulations, most researchers
focus on the materials that are made especially for insulation. In this research, the authors aim to
fill this gap by improving the thermal performance of building envelopes using local waste
materials in humid and hot regions at an affordable cost. Waste materials are various in terms of
thermal properties, range of availability, and operational safety. The challenge was selecting the
most suitable materials for investigation. Thus, the research focused on most safe and available

materials in Bahrain for laboratory investigation.
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2. Methodology

2.1. Scope of the Study

Approximately 17% of the total solid waste generated worldwide is paper & cardboard, 12% is
plastic, and 2% is leather & rubber [31]. Bahrain has more waste generators per capita than any
other country. Solid waste is produced yearly at a rate of 1.2 million tons [32]. Eventually, the
costs associated with arranging waste within the landfill will need to be increased, opening up
opportunities for other recycling. The recycling industry is currently experiencing prequalification
for tire reusing. In recent years, such companies have had waste management consultations that
foster and strengthen the reusing office [32]. Therefore, the researchers included paper, cardboard,
the foam used in electronic device packaging, shopping bags, and rubber from damaged tires in
this study. These materials were exposed to selected environments based on the absolute and
extreme values of Bahrain's average temperature and humidity to study the effect of temperature
and relative humidity on thermal conductivity and resistance. Mathematically, it is impossible to
expose the test samples to these many different environments if the air temperature ranges between
1°C and 50°C and the relative humidity ranges between 1% and 100%. Furthermore, due to the
non-linear relationship between air temperature and relative humidity, these 5000 environment
trials were not possible, since this depends on dew point temperature, as stated by Lawrance in the
formula (1) [33]:

(100-Ry)
T,=T- L (1)

Where,
Tq = Dew point temperature in degrees Celsius

T = Observed air temperature in degrees Celsius
Rn = Relative humidity percent

Below figure 1 portrays Bahrain's monthly average maximum and minimum air temperatures and
relative humidity. It illustrates that January and July represent winter and summer sessions. July
2242021, marked Bahrain's highest air temperature of 112.5 °F [45 °C]. In the summer, August
20" has the highest chance of being muggy 98% of the time, while January 29" has the lowest
humidity, 1% of the time. Consequently, eight environments were created using combinations of

January and July average values, two environments were created using combinations of absolute
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extreme values, a normal room environment, and a different environment was created by

considering the absence of relative humidity by exposing the samples to 100 °C.

Monthly Average Temperature and Humidity in Bahrain (1961 - 2021)

50 100
O 40 e ———— 80 X
v 30 l l I ' P - 60 =
2 20 = B a0 2
5 o 0
= Jan Feb Mar Apr May  Jun Jul Aug Sep Oct Nov Dec
Month
I Vax. Temperature Min. Temperature e=@== |\ax. Humidity Min. Humidity

Figure 1. Monthly average maximum and minimum temperature and humidity in Bahrain.
*Data Sources: Average temperature measurements [34] , Relative humidity measurements [35] & &
day and night temperature measurements [36].

2.2. Methods

In this manuscript, the main focus is to individually investigate the impact of incorporating various
waste materials on the thermal conductivity of mortar. The applied materials in this study are
ordinary Portland cement (ASTM C-150 Type-I) [37], fine aggregate (sand) passing through 2.36
mm sieve and four waste materials; crumbed rubber obtained from scrap car tires sized into 3-5
mm, expanded polystyrene (foam) collected from electronic store wastes and crushed into 3— 8
mm particles, shredded wastepaper spreader into 3 byl0 mm peace, and shredded plastic bags

sliced into 3 by 10 mm. The applied waste materials are illustrated in Figure 2.

(a) Rubber (c) plastic (d) foam

Figure 2. The experimented-on waste materials

-6- JSCBE, Vol. 01, Issue 02, (2023), ISSN: 2536-0132 www.jscbe.ku.edu.bh



http://www.jscbe.ku.edu.bh/

I (U JSCBEl

Experimental density measurements were performed by dividing the mass of each waste material
by the volume of the 0.3x0.3x0.07m standard box filled with 0.3mx0.3mx0.07m waste. The

The impact of temperature and humidity on the thermal resistance of waste materials for the efficiency of the building envelope

cement, sand, and waste materials were combined individually in a 1:2:1 ratio (cement: sand: waste
material) and constant water to cement ratio w/c of 0.40 [38]. Using a concrete mixer machine.

According to Figures 3 & 6, the mixtures were cast in wooden forms to produce testing tiles

measuring 30x30x2cm to fit the testing field of the thermal conductivity instrument.

Figure 3. Wooden form. Figure 4. Climatic chamber Model: LT-C0120 & LT C0121 & LTC0122

Figure 5. Dray Oven Figure 6. Instrument of thermal conductivity
[Model: LT-G0205 - 700 Liter] [Model: H112N_E_4 042]

Tests were conducted in different environments based on Bahrain's average and extreme
temperatures and humidity. Figure 4 shows the climatic testing chamber, and Figure 5 shows the
dry oven where the samples were exposed to different environments. To enhance the precision of
the measurements, each sample's thermal conductivity was measured three times. The thermal
conductivity of the samples is determined using the heat-flow meter method. Among other
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materials, it allows for measuring thermal conductivity in metals, rocks, and solids. The heat-flow

meter method is relatively accurate and fast compared with the transient method. When insulation
materials are measured at room temperature, the uncertainty ranges between 3% and 20%, and at

high temperatures, the uncertainty ranges between 10% and 20% [39].

Also, a smaller thermal conductivity level entails higher uncertainty, while a larger thermal
conductivity value entails lower uncertainty [40]. Table 1 shows the calculated densities of the
waste materials and the testing specimens.

Table 1. Densities of the experimented waste materials and testing specimens.
Applied

Testing Specimens

waste The density of
Mix - the waste . Surface  Thickness 5 Density
material material (kg/m?) Weight (kg) Area (m?) m) Volume (m?3) (kg/m?)
Mix-1 None - 4.086 0.09 0.0235 0.002115  1.931
Mix-2 Crushed Rubber 450.0 4.206 0.09 0.0245 0.002205  1.869
Mix-3 Shredded Paper 120.32 3.878 0.09 0.0250 0.00225 1.696
Mix-4 Shredded Plastic 49.5 3.762 0.09 0.0254 0.002286  1.645
Mix-5 Foam 10.0 3.644 0.09 0.0267  0.002403 1516

The specimen is placed between two plates (heated and cooled) at different temperatures, as shown
in Figure 6. A heat flux transducer measures the amount of heat flowing through a specimen.
Measuring the voltage drop across an electrical resistor makes it possible to determine the heat
flux in a current. Changes in thermos voltage and measured signal are proportional to temperature
drop throughout the plate [41]. A thermal conductivity measuring instrument like the one shown
in Figure 6 is used to determine the value of the heat flow meter and the thickness of the test
specimens required in conjunction with the calibration constants of the instrument, and then
calculate the thermal conductivity using a formula (2) and the thermal resistance using formula (3)
(42].

T [(K+ e D) +((ks + Uea D) sHEM)+( (s + (kg D) <HFM?)] @
daT

A = Thermal Conductivity (W/m°C)
T, = Test Specimen Thickness (m)
T2= The warm surface temperature of the sample during the measurement (°C)
T1= The cold surface temperature of the sample during the measurement (°C)
T = The average temperature of T1 & T2
HFM = Heat Flowmeter Reading (mv)

dT=T,-T,

ky, ks, kg, Ky, ks and kg are calibration constants.

A=
Where,

-8- JSCBE, Vol. 01, Issue 02, (2023), ISSN: 2536-0132 www.jscbe.ku.edu.bh
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R :TTS (3)

Where,

R = Thermal Resistance (m?°c/w)

A = Thermal Conductivity (W/m°C)

T, = Test Specimen Thickness (m)
Testing was performed 32 times on each testing tile, with the first test done after 14 days in a room
environment without any treatment (environment 1). In the next step, the tiles were exposed to
different environmental combinations for 24, 48, 72, and 96 hours (environment 02-09). Lastly,
they were exposed to extreme monthly temperatures and humidity levels in January and July
(environments 10-11). At the end of the experiment, specimens were exposed to the hottest
temperature with a humidity of 0% (environment 12). Thermal conductivity was measured by
inserting the samples into the instrument immediately after getting out of the climatic chamber to
avoid heat and humidity changes. Heat flowmeter readings and the sample's thickness and warm
and cold surface temperatures were recorded in a spreadsheet. Thermal conductivity and thermal
resistance are calculated by substituting the measured values in formulas 1 and 2. Based on the
measurements of thermal resistances of the samples, the average differences between the 1st and
2nd days were 1.2% and 0.14%, respectively, and 0.03% between the 2nd and 3rd days.
Temperature and humidity reached equilibrium after the samples reached equilibrium. Therefore,
the 4th day's readings were overlooked, while the 3rd day's readings were considered saturation

values.

Table 2. Companions of testing environments and exposure durations.

Reference Environment Timeline Temperature Humidity
Number Min. Max. Min. Max.
Room environment 01 NA 24 20
02 14 57
03 January 14 88
04 20 57
Average 05 20 88
06 32 39
07 July 32 80
08 39 39
09 39 80
10 45 90
Absolute 11 extreme 45 97
Dry hot 12 100 0

JSCBE, Vol. 01, Issue 02, (2023), ISSN: 2536-0132 www.jscbe.ku.edu.bh -9-
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3. Results

3.1. Validation of the measuring method

The authors tested three reference materials to validate the experimental method that was used to
calculate thermal conductivity: acrylic (PMMA), ceramic (XPS), and medium-density fiberboard
(MDF). The average values for each material were recorded after three tests, as shown in Table 3.
Based on these measurements, it was determined that they are within the range of their standard
values [13], [43], [44], [45] [46], [47], [48], [49], [50] & [51]. The validation results confirmed
that the experimental method has been verified and can be applied to measure the thermal

conductivity and the extracted thermal resistance.

Table 3. Validation of the measuring method.

Temperature The range of thermal
Reference The standard range of oC conduc?tivity jdi Measured
material thermal conductivity referenced materials thermal conductivity
W/m °C W/m °C W/m °C
0.187 - 0.216 [43] NA
0.18 - 0.195 [13] gggg
PMMA 0.2 - 0.205 [44] :
(Acrylic) 0.19 [44] gg 0.18-0.216 0.18
0.182 [44] o
0.195 [45]
0.07 [43] NA
XPS 0.031-0.033 [13] 25:38
(Ceramic) 0.032 [46] 2.5 0.031-0.07 0.04
0.0345 [47] 15:20
NA
MDE 0.1012 - 0.1168 [48] A
(Medium 0.05-0.14 [49] NA 005014 010
Density 0.0889 - 0.0973 [50] NA
Fiberboard)
0.09 [51]

3.2.0utputs of the experiment

For each sample, the thermal conductivity was measured three times to ensure the readings were
not shifted. Rubber and plastic have an uncertainty of 2.5% under room temperature, whereas foam
and paper have an uncertainty of 3%. Increasing humidity and temperature resulted in uncertainty
ranging between 10 and 15%. The thermal resistance of each waste material was determined
according to the average values of thermal conductivities measured for each waste material in each
environmental condition. Figure 7 compares thermal resistance levels among the four mixes

materials used in environment 01 (room conditions). The inclusion of rubber in mortar mix shows
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the lowest thermal resistance in comparison with plain mortar, one-tenth of a degree Celsius per
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square meter. The inclusion of Paper and plastic mixes provides medium differences in thermal
resistance of 0.0192 and 0.0166 m? C/W, respectively, while the inclusion of foam mix shows the
greatest difference of 0.0387 m? C/W. As a result, rubber, plastic, paper, and foam improved the

efficiency of thermal resistance by 1.6, 43.4, 50.5 & 101.4%, respectively.

0.09

0.08 m \Waste Material
0.07 ==@==\\/ithout Waste Material
0.06

0.05
0.04
0.03
0.02
0.01

Thermal Resistance (m2C/W)

Rubber Paper Foam Plastic

Figure 7. The thermal resistance of different waste materials after 14 days in environment 01.
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g 80 007 &
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X 70 0.02 —
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:::’ 1234567 8 910111213141516171819202122232425262728293031
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EEEN Temp B Hum =@ Cement Rubber e=@==Paper e=@==Foam e=@==P|astic

Figure 8. The thermal resistance of different waste materials in different environments.

Figure 8. illustrates the obtained values of the thermal resistance of the testing 0 samples measured
after exposure to different environments inside the climatic test chamber for three days. As shown

in Figure 7, the results collected from the samples exposed to different environments correspond
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to those collected from the samples exposed to a room environment. Thermal resistance values

recorded for foam were the highest, and those for rubber were the lowest throughout the entire
testing procedure. The authors studied the effect of temperature and humidity on the insulation
properties of the applied waste materials. Unlike the plain cement sample, which was exposed to
the same conditions as the samples exposed to different environments, it was essential to compare
the measured thermal resistance of the samples exposed to different environments. Figure 9.
illustrates the percentages of changes in thermal resistance. Table 4 summarizes the percentage of

changes in thermal resistance for the waste materials exposed to all proposed environments.

140.000
120.000
©
€ 100.000
2
.E § 80.000
©
é b 60.000
S 9
© < 40.000
(&)
h) 20.000
= il
0.000 — -
-20.000 Rubber Paper Foam Plastic
B Environment 02 B Environment 03 Environment 04 Environment 05
H Environment 06 M Environment 07 B Environment 08 H Environment 09

Figure 9. Changes in thermal resistance of samples containing waste materials compared to plain ones.

Table 4: Peak change in thermal resistance

Environment Temperature Humidity Change in thermal resistance (%)
Number °C % Higher Lower
o1 24 20 No wa_ste ) No wa_ste )
material material

02 14 57 foam 104.4 Rubber -1.6
03 14 88 foam 91.4 rubber 4.8
04 20 57 foam 109.0 rubber 6.1
05 20 88 foam 113.0 rubber 5.1
06 32 39 foam 105.3 rubber 3.5
07 32 80 foam 124.0 rubber 7.0
08 39 39 foam 120.8 rubber 10.2
09 39 80 foam 114.8 rubber 4.1
10 45 90 foam 91.3 rubber 5.7
11 45 97 foam 110.7 rubber 5.1
12 100 0 foam 127.5 rubber 10.2
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15.000

10.000

5.000 I

0.000 = I J - I_I I L
= - BN & r I ol |

-5.000

% of changes in thermal resistance

-10.000

-15.000

M Environment 02 Environment 03 Environment 04 Environment 05 B Environment 06

M Environment 07 B Environment 08 B Environment 09 B Environment 10 B Environment 11

Figure 10. Changes in thermal resistance within the testing period for each environment.

There is no doubt that foam is better insulated than rubber, whereas rubber performs worse. While
plain mortar is relatively inefficient, plastic and paper are moderate to relatively effective. The
authors analyzed thermal resistance changes in each sample during three days of exposure to air
temperature and relative humidity to further investigate their impact. A three-day exposure to
different environments changes thermal resistance, as shown in figure 10. A comparison was made
between the first and third days of the same exposition in the same environment. The thermal
resistance of the sample without waste material, paper, and foam have improved in environment
02 (14 Co and 57% R. Hum.), while it has regressed for other samples. An increase of 9.5% in
thermal resistance was observed in the sample containing paper in this environment 02. However,
the plastic material sample showed the greatest decrease in thermal resistance of 7.2%. Table 5

summarizes the results of the remaining environments.

Table 5. Peak changes in thermal resistance within the testing period for each environment.

Change in Thermal Resistance (%)

Environment Number Temperature °C  Humidity %

Max +ve Max —ve
02 14 57 Paper 9.5 plastic 7.2
03 14 88 plastic 135 foam 3.3
04 20 57 plastic 8.6 foam 3.7
05 20 88 Paper 35 foam 6.0
06 32 39 plastic 2.9 foam 2.4
07 32 80 foam 3.8 plastic 2.4
08 39 39 rubber 3.8 Paper 2.3
09 39 80 foam 5.4 Paper 2.3
10 45 90 rubber 0.9 foam 10.7
11 45 97 paper 1.3 foam 3.5

JSCBE, Vol. 01, Issue 02, (2023), ISSN: 2536-0132 www.jscbe.ku.edu.bh -13-
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Figure 11. The Standard deviation of the thermal resistance of different waste materials.

Figures 10 and 11 show that rubber withstands different environments with the greatest amount of
thermal constancy. The lowest standard deviation characterizes changes in thermal resistance
values. In contrast, foam is the least consistent in thermal resistance constancy when exposed to a
different environment due to its highest standard deviation. Paper and plastic exhibit similar
thermal resistance characteristics when exposed to different environments. The standard deviation
of the change in thermal resistance values is the lowest. Moreover, when exposed to different
environments, foam and plastic show the highest standard deviation values and the lowest thermal
resistance constancy values. There is a medium consistency in thermal resistance between paper

and plastic when exposed to different environments.

4. Discussion

Thermal insulation can be achieved economically and effectively using waste materials. A
composite of waste material can be used in several structures if mixed with reinforcement materials
such as cement. On a global scale, waste materials, particularly plastic, are increasing in all
countries, and waste management is essential for reducing the harmful impacts of waste on the
environment. This has led to a rapid increase in recycling rates for different materials. A
sustainable design solution requires innovative recycling processes to solve the problem of waste
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materials. A substantial amount of waste materials can be changed from being a problem-maker

The impact of temperature and humidity on the thermal resistance of waste materials for the efficiency of the building envelope

to a problem-solver by integrating the materials to improve the thermal performance of the
building envelope and reducing the U value of the building envelope with cladding tiles made of
a mixture of cement, sand and any of the tested waste materials (rubber, paper, foam, and plastic).
Some waste materials, such as textiles, acrylics, paper, and wool, have significant thermal
insulation capacity. According to studies, temperature and humidity are important parameters that
affect insulation materials' thermal conductivity; as temperature and humidity increase, insulation
materials' thermal conductivity increases, but depending on the material, the degree of change
varies. The majority of studies, however, considered either temperature or humidity when
examining the thermal properties of the stand-alone material. This study examined the effect of
temperature and relative humidity on mixed waste materials mixed with cement mortar. As a result
of this production process, building envelopes can become more efficient, especially in climate
zones with arid conditions. Stand-alone building materials are tested for their thermal conductivity
through many experiments. However, the thermal resistance is more significant for determining
the overall U value of the building envelope that consists of multiple layers. The overall U value
is the reciprocal of the overall thermal resistance as mentioned in the formula: U vae = (1/R7) [52],
where U vaie is the overall thermal conductivity, and Rr. is the sum of thermal resistances of all

layers composed the building envelope.

5. Conclusion

This paper concludes that mixing the tested waste materials (rubber, plastic, paper, and foam) with
plain mortar improves the efficiency of thermal resistance by 1.6, 43.4, 50.5 and 101.4%,
respectively, compared to the thermal resistance of plain mortar. A change in environmental
factors slightly influences rubber's thermal resistance during a year, while foam's thermal
resistance is heavily influenced. In contrast, paper and plastic's thermal resistance is moderately
impacted. The July environment did not significantly affect the four waste materials in Bahrain.
Foam is the most influential factor during the January environment, followed by rubber, paper,
and plastic. Temperature and humidity extremes have a greater influence on all tested waste

materials except plastic. Mixing foam with cement and sand makes the foam more thermally
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resistant; its resistance increases by 91.3% to 127.5% under different conditions. In an
environment where temperatures exceed 100°C, rubber increases thermal resistance by 10.2%.

The four tested mixes maintain thermal resistance to a certain extent with constant climatic
conditions (temperature and relative humidity). After 48 hours in a climatic chamber, the rubber's
thermal resistance changed by no more than 3.8% under 39°C and 39% humidity. A change of
+13.5% in thermal resistance was recorded in the plastic after 48 hours at 14°C and 88% humidity,

as opposed to the plastic showing the least stable thermal resistance.

The authors recommend that developers: use the waste materials of foam, paper, plastic, and rubber
in the cladding of building envelopes to raise the thermal resistance and reduce the energy
consumption for air conditioning, particularly in the summer season. Studying the effects of
changing cement mortar and waste material ratios is also recommended, as well as examining the
thermal resistance in different thicknesses. In addition, such proposed cladding materials need to
be investigated for their geometrical, aesthetic, and mechanical properties such as durability, water

absorption, and dimensional stability to improve their efficiency.
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