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Abstract 15 

Efficient thermal insulation materials considerably lower power consumption for heating and cooling of buildings, 16 

which in turn minimises CO2 emissions and improves indoor comfort conditions. However, the selection of suita- 17 

ble insulation materials is governed by several factors, such as the environmental impact, health impact, cost and 18 

durability. Additionally, the disposal of used insulation materials is a major factor that affects the selection of 19 

materials because some materials could be very toxic for humans and the environment, such as asbestos-containing 20 

materials. Therefore, there is a continuous research effort, in both industry and academia, to develop sustainable 21 

and affordable insulation materials. In this context, this work aims at utilising the packing industry wastes (card- 22 

board) to develop an eco-friendly insulation layer, which is a biodegradable material that can be disposed of safely 23 

after use. Experimentally, wasted cardboard was collected, cleaned, and soaked in water for 24 hours. Then, the 24 

wet cardboard was minced and converted into past papers, then cast in square moulds and left in a ventilated oven 25 

at 75 oC to dry before de-moulding them. The produced layers were subjected to a wide range of tests, including 26 

thermal conductivity, acoustic insulation, infrared imaging and bending resistance. The obtained results showed 27 

the developed material has a good thermal and acoustic insulation performance. Thermally, the developed mate- 28 

rial had the lowest thermal conductivity (λ) (0.039 W/m.K) compared to the studied traditional materials. Addi- 29 

tionally, it successfully decreased the noise level from 80 to about 58 dB, which was better than the efficiency of 30 

the commercial polyisocyanurate layer. However, the bending strength of the developed material was a major 31 

drawback because the material did not resist more than 0.6 MPa compared to 2.0 MPa for the commercial polyiso- 32 

cyanurate and 70.0 MPa for the wood boards. Therefore, it is recommended to investigate the possibility of 33 

strengthening the new material by adding fibres or cementitious materials. 34 

Keywords: Cardboards; waste; insulation layer; thermal; acoustic; bending resistance; eco-friendly; biodegradable. 35 

 36 
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1. Introduction 41 

The buildings sector, especially residential buildings, is recognised as one of the main consumers 42 

of energy due to the significant growth in heating and cooling equipment. For example, the building 43 

sector is responsible for approximately 40% of the energy consumption in Europe [1], approximately 44 

25% of the energy consumption in Thailand [2], and about 29% of the power consumption in the USA 45 

[3]. On average, the buildings sector is responsible for over 40% of global energy consumption, and the 46 

majority of this high energy demand (about 60% of the global consumption) is consumed by heating 47 

and cooling of buildings and providing hot water [4]. In addition, this high demand for energy has 48 

serious environmental impacts; for example, the building sector in the USA is responsible for approxi- 49 

mately 20% of CO2 emissions [3] and 33.3% of global greenhouse gas emissions [5].  50 

This dilemma is increasing due to the impacts of climate change that increase the need for the use 51 

of heating and cooling equipment in buildings. For instance, about 85% of the small residential units in 52 

Mexico are located in scorching areas, forcing the residents to depend on air conditioning equipment 53 

to achieve comfortable conditions [3]. Invidiata and Ghisi [6] reported that climate change will raise the 54 

yearly energy consumption in the range of 56%–112% in 3 Brazilian cities by 2050 and 112%–185% by 55 

2080. Frank [7] demonstrated that climate change would cause severe changes in energy consumption 56 

in  Switzerland; energy demand for cooling purposes will increase by 223–1050% for the period 2050 to 57 

2100, while the heating energy demand will decrease by 36–58%. A similar trend was noticed in China; 58 

Wan, et al. [8] studied the impact of climate change on the energy demand for cooling purposes in 59 

different office buildings in China and demonstrated that by 2100, the energy demand would be in- 60 

creased by 18.5%, 20.4%, 11.4%, 24.2%, and 14.1% in the office buildings in the cities of Harbin, Beijing, 61 

Shanghai, Kunming and Hong Kong, respectively.   62 

Some passive design strategies were suggested in the literature to reverse this downward trend, 63 

such as solar shading, naturally ventilated envelopes, and the use of thermal insulation layers [6,9]. 64 

Developing efficient insulation layers could be one of the most effective solutions to this dilemma 65 

as it helps to maintain the comfort condition within the building for a long time, significantly minimis- 66 

ing the energy demand for cooling and heating. Therefore, a clear increase in research efforts was re- 67 

cently directed towards developing efficient and eco-friendly insulation layers [10]. For instance, Briga- 68 

Sa, et al. [11] studied the possibility of using woven fabric wastes (WFW) and woven fabric sub-waste 69 

(WFS) as thermal insulation materials for buildings. The results showed that using WFW and WFS in 70 

the external double wall improves thermal insulation by 56% and 30%, respectively. Khalaf, et al. [12] 71 

studied the possibility of developing a new insulation material using a chitosan matrix reinforced with 72 

different sizes of miscanthus (0.2–0.5 cm and 1–2 cm), rice husk (1–2 cm) and recycled textile. It was 73 

found that the thermal conductivity of the new material ranged between 0.07 and 0.09 W.m-1.K-1, and it 74 

can resist bending stress of 0.48–0.45 MPa and compression stress of 0.65–0.56 MPa. Another trial was 75 

carried out by Gounni, et al. [13] to develop an eco-friendly insulation material using wasted acrylic 76 

spinning waste (As), acrylic knitting waste (Ak), washed wool washed (Wr) and carpet waste wool 77 

(Wc), and the performance of the new material was compared to commercial insulation materials, such 78 

as rock wools (RW) and expanded polystyrenes (EPS). The new material had a performance competi- 79 

tive to that of commercial materials; for example the annual heating and cooling loads of As, Ak, Wr, 80 

Wc, RW and EPS were 19.14, 19.26, 16.61, 17.69, 19.61 and 16.45 kWh/(m².year), respectively. 81 

Due to the clear lack of research on the development of eco-friendly insulation materials and the 82 

increasing effects of climate change, the current article aims to develop and test a new eco-friendly wall 83 

insulation layer utilising the wastes of the packing industry (wasted cardboard). The latter was selected 84 

as a raw material for the insulation layer for many reasons, most importantly, their vast volumes. For 85 

example, it has been reported that the generated paper and cardboard packaging waste by households 86 

in the UK in 2021 was 5,400,000 metric tons [14]. Moreover, the demand for paper is increasing rapidly, 87 

alarming a massive increase in the generation of this type of waste. For example, the demand for papers 88 

in Europe is expected to increase by about 28% in 2030 compared to 2015 [15]. 89 

This aim will be achieved through a set of objectives: the preparation and manufacturing of the 90 

insulation layer, testing the thermal insulation efficiency, testing the acoustic insulation efficiency, and 91 

testing the mechanical properties of the layers (bending strength). Additionally, this study aims to com- 92 

pare the properties of the new insulation layer with those of commercial insulation layers.  93 
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2. Materials and Methods 94 

Wasted cardboard boxes were collected from local shops in Liverpool, UK. The preparation of the 95 

new insulation layers was collectively adopted from relevant literature [16,17]. The cardboard boxes 96 

were manually inspected to remove all staples and Scotch tapes, and then the boxes were shredded into 97 

small pieces (20-25 cm in length) and soaked in water for 24 hours. 98 

The wet cardboard pieces were removed from the water and mixed (to make past of papers) for 99 

10 minutes using a bench-top mixer (HOST Planetary Mixer 20L). The produced paper paste was cast 100 

in a metallic mould (55 cm × 55 cm × 4 cm) that already contains nonsticking papers to prevent the 101 

sticking of the dry layer to the mould, as shown in Figure 1(A and B). The paper paste was compressed 102 

and then dried at 75 oC for 48 hours using a ventilated oven.  103 

It is noteworthy that special samples (42.5𝑐𝑚 × 10𝑐𝑚 × 2.5 𝑐𝑚) were prepared to carry out the 104 

bending strength test. It was noticed that the dimensions of the dried layer shrank to 105 

(51.4 cm × 51.4 cm × 2.1 cm). The dry layers were removed from the moulds and cut down into smaller 106 

samples according to the required test; see Table 1. 107 

Two types of samples were prepared; one was left without treatment (S1), and another was 108 

wrapped with aluminium insulation tape (S2).  109 

The results were compared with the properties of commercial insulation layers, namely polyiso- 110 

cyanurate (PO) and wood boards (WB)). All samples were subjected to a series of tests: infrared thermal 111 

imaging, thermal conductivity, acoustic insulation and bending strength test (three-point bending flex- 112 

ural test).  113 

 114 

Table 1. Dimensions of tested samples. 115 

Sample type Dimensions (cm)  

Thermal conductivity 20 × 20 × 2.1 

Infrared test 50 × 50 × 2.1 

Bending strength test 42.5 × 10 × 2.5  

Acoustic insulation Box (25 ×10 ×15) 

 116 

2.1. Infrared thermal imaging 117 

Infrared thermal imaging is one of the important methods of experimental research to determine 118 

the thermal performance of materials in different fields, such as buildings, aerospace, and electronics 119 

[18]. This technology is classified as non-destructive (non-contact surface) temperature measurement 120 

technology that converts the temperature variation into images, which can be analysed to evaluate 121 

thermal efficiency or detect any industrial defects (such as holes and cracks) [19,20].  122 

A B 

Figure 1. A) Fresh cardboard paste, and B) Dreid cardboard layer. 
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In this study, the infrared thermal imaging analysis was performed using a Teledyne FLIR E5-XT 123 

Thermal Imaging Camera (temperature range  -20˚C to 400˚C) to detect any industrial defects (cracks 124 

or holes) and also to compare insulation efficiency of the tested materials (S1, S2, PO and WB). Experi- 125 

mentally, samples (with net dimensions of (50 cm × 50 cm × 2.1 cm) of the studied materials were in- 126 

stalled vertically. Then, the FLIR camera was installed firmly at a distance of 50 cm away from the 127 

surface of the layer, and a heat source was installed at a distance of 30 cm on the other side of the layer, 128 

providing a steady air temperature of 50 oC, as shown in Figure 2. The images were taken at intervals 129 

of 5 minutes for 20 minutes, and the final surface temperature of each material was recorded and com- 130 

pared with the rest of the materials. 131 

2.2. Thermal conductivity (λ) 132 

Thermal conductivity is the measurement of the steady-state heat transfer through a flat slab sam- 133 

ple and the estimate of the heat transfer properties of a sample [21]. The thermal conductivity of the 134 

produced layer was measured using an ISOMET 2114 device following the procedures stated by 135 

Cetiner and Shea [21]. According to Cetiner and Shea [21], the thermal conductivity was measured by 136 

attaching the surface probe of the ISOMET 2114 device to the surface of the sample of the insulation 137 

material. Taking into account that the dimensions of the tested sample were 20 × 20 cm because larger 138 

samples (more than 25 × 25 cm) should be tested using another method (such as Lasercomp FOX 600 139 

Heat Flow Meter) [21]. 140 

In this study, samples of S1, S2, PO and WB with dimensions of 15 × 15 × 2 cm were tested using 141 

an ISOMET 2114 device that was supplied with a surface probe, as shown in Figure 3(A and B).  142 

Figure 3. A) ISOMET 2114 device, and B) The surface probe of the ISOMET device. 

A B 

Figure 2. Setup of the infrared imaging experiments. 
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2.3. Acoustic insulation 143 

Acoustic insulation, also known as noise insulation, is another crucial property of insulation ma- 144 

terials. The acoustic insulation efficiency of the developed insulation material (S1 and S2) and the ref- 145 

erence materials (PO and WB) was experimentally measured using an ATP DT-8820 multi-function 146 

environment meter. Initially, boxes with dimensions of ( 25 cm in length,10 cm in width and 15 cm in 147 

height) with their lids were manufactured from each material, as shown in Figure 4 (A-C).  148 

A noise source (80 dB) was placed inside each box and closed with the lid, and then the ATP DT- 149 

8820 meter was placed directly on the external side of the lid to measure the noise level.  150 

2.4. Bending strength test  151 

The bending test determines the tensile strength of the materials, and it is usually performed using 152 

either 3- or 4-point bending. Three prism samples (42.5𝑐𝑚 × 10𝑐𝑚 × 2.5 𝑐𝑚) of S1, S2, PO and WB were 153 

prepared and tested using a PILOT machine following the procedures stated by Panyakaew and Fotios 154 

[2]. The bending strength was calculated using equation 1 [2]: 155 

 156 

  𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑀𝑃𝑎)  =
3×𝑃×𝐿

2×𝑏×𝑡2                                                               1 157 

 158 

Where P, L, b and t represent the highest load (N), the effective length of the sample (between 159 

supporters) (mm), the width of the sample (mm) and the thickness of the sample (mm), respectively. 160 

3. Results 161 

Infrared imaging experiments were initially performed to detect invisible cracks or holes in the 162 

developed (S1 and S2) and reference (PO and WB) samples. Additionally, the results of the infrared 163 

Figure 4. A) The box and the ATP DT-8820 meter, B) Side view of the set-up, and C) Top view of the set-up. 

B)  

A)  

C) Jo
urn

al 
Pre-

pro
of



 6 of 11 

 

tests were used to determine the insulation efficiency. Experimentally, infrared images were taken at 164 

intervals of 5 minutes for 20 minutes for each studied sample. 165 

The obtained results are shown in Figure 5(A-D), which shows that the surfaces of the developed 166 

samples (S1 and S2) and the reference samples do not have industrial defects (cracks or holes).  167 

 168 

 Figure 6 shows the recorded temperatures on the surfaces of the studied materials after 20 minutes 169 

of exposure to the hot air. It can be seen that the best insulation efficiency was obtained by the PO, 170 

which did not record more than 19 oC, followed by S2 at a temperature of 22 oC, then S1, which recorded 171 

24.7 oC, while the WB showed the lowest efficiency at a temperature of 26.2 oC. The efficiency of S1 and 172 

S2 compared to WB could be attributed to the air voids in the developed materials, where the trapped 173 
air in voids improves the material’s thermal resistance [22].  The S2 layer (wrapped with aluminium 174 

insulation tape) showed a better performance than the S1 layer, which could be attributed to the alumin- 175 

ium insulation tape, which delays the flow of temperature through the body of the layer. In summary, 176 

it can be said the developed material showed a performance better than traditional insulation layers 177 

(WB), but less than the advanced industrial materials (OP), and this could make it a promising alterna- 178 

tive for some of the currently used insulation materials. 179 

 180 

Thermal conductivity (λ), which is a measure for the ease of heat travel through a material by 181 

conduction, was measured in this study using an ISOMET 2114 device that was supplied with a surface 182 

probe and following the procedures stated by Cetiner and Shea [21]. It should be noticed that the 183 

smaller the λ, the better the thermal performance and energy-saving efficiency [23].  184 

The measured values of λ for the studied materials are shown in Figure 7. The latter clearly shows 185 

that the S1 layer has the lowest λ value (0.039 W/m.K) followed by WB and PO, while S2 has the highest 186 

λ values, which means the S1 has the best thermal performance and energy-saving efficiency.  The 187 

explanation for the low λ value of S1 could be related to the extent of spaces and voids in the material, 188 

where it has been proven that the higher the voids ratio, the lower λ value [24].  189 

A B 

D C 

Figure 5. Infrared images for A)WB , B) PO, C) S1, and D) S2. 
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The calculated λ value of S1 is within the expected range of λ values for traditional materials; for 190 

example, the λ value of mineral wools and polyurethane ranges between 0.02 and 0.04 W/m. K [25], 191 

0.03–0.046 W/m.K for glass wool and 0.033–0.046 W/m.K for rock wool [26].  192 

Additionally, the obtained results agree with the general outcomes of the relevant literature. For 193 

example, Ekpunobi, et al. [27] developed a paper-based insulation material and stated that the thermal 194 

conductivity of this material ranges between 0.6 and 1.6 W/m.k depending on the ratio of fibres. Also, 195 

Pathak and Mandavgane [22], who used the paper mill waste and cement to develop an insulation 196 

material, found that the thermal conductivity of the paper-based insulation material was 0.4 W/m.k. 197 

It can be concluded that the thermal conductivity of the developed insulation material (S1) meets 198 

the requirements of traditional insulation materials, and it has a better environmental performance as 199 

it utilises waste materials without adding external chemicals, which makes it a promising eco-friendly 200 

insulation material.  201 

The acoustic insulation results of the studied materials are shown in Figure 8, which shows that 202 

WB had the best performance in terms of noise control, where it minimised the noise level from 80 to 203 

about 37 dB, followed by S1, which decreased the noise level from 80 to about 58 dB and S2 that de- 204 

creased the noise from 80 to about 62 dB, while the PO had the lowest performance at a reduction value 205 

of 16 dB. 206 

Figure 6. Recoded temperatures on the surfaces of the studied materials after 20 minutes of heating. 

Figure 7. Thermal conductivity values of the studied materials. 
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It can be seen that the materials covered with a metallic layer (S2 and PO) had the lowest acoustic 207 

insulation efficiency due to the ability of metals to transfer the sound better than wood (WB) and or- 208 

ganic materials (S1). Additionally, the air voids play an important role in noise control (as noticed in 209 

WB and S1). 210 

 211 

Finally, the bending strength test was performed using prism samples (42.5cm×10cm×2.5 cm) of 212 

each material (S1, S2, PO and WB) to calculate the tensile strength of the materials. 213 

The obtained results are shown in Figure 9. This figure shows the main drawback of the developed 214 

material, which is the bending strength, where it can be seen that both S1 and S2 had the lowest bending 215 

strengths (less than 1 MPa). The same problem was noticed in the PO, which showed a bending strength 216 

of about 2.0 MPa. On the contrary, WB showed an excellent bending strength that reached the vicinity 217 

of 70.0 MPa.  218 

The results of the bending strength test indicated the need for strengthening the developed mate- 219 

rial, which could be done by adding fibres or cementitious materials. 220 

5. Conclusions 221 

This article investigated the visibility of recycling the packing industry wastes (cardboard) to de- 222 

velop an eco-friendly insulation layer. The experimental work focused on identifying the key properties 223 

of the developed insulation material, such as thermal conductivity, acoustic insulation and bending 224 

strength. The obtained results indicated that the developed material has a good performance in terms 225 

of thermal and acoustic insulation. Thermally, the developed material had the lowest thermal conduc- 226 

tivity (λ) (0.039 W/m.K) compared to the studied traditional materials. Additionally, it successfully 227 

Figure 9. Bending strength of the studied materials. 

Figure 8. Noise reduction by the studied materials. 
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decreased the noise level from 80 to about 58 dB, which was better than the efficiency of the commercial 228 

polyisocyanurate layer. 229 

However, the bending strength of the developed material was a major drawback because the ma- 230 

terial did not resist more than 0.6 MPa compared to 2.0 MPa for the commercial polyisocyanurate and 231 

70.0 MPa for the wood boards. Therefore, it is recommended to investigate the possibility of strength- 232 

ening the new material by adding fibres or cementitious materials. 233 

In summary, the developed material in this study could be a promising eco-friendly alternative to 234 

traditional insulation materials as it does not consume a high amount of energy during the manufac- 235 

turing process, which in turn minimises the CO2 emission. Additionally, the new material could be 236 

considered an eco-friendly recycling method for the wastes of the packing industry. Finally, it is note- 237 

worthy that the new insulation layer could be disposed of safely because it is mainly made from bio- 238 

degradable organic materials. 239 

 240 
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