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ABSTRACT 

Recycled material has attracted extensive interest due to its positive impact on 

decarbonization in the building sector. At the same time, utilizing these materials is limited. 

The main objective of this degree project is to provide a better understanding of recycled 

materials and their role in environmental and economic aspects. This work investigates three 

cases regarding the use of recycled materials as external wall insulation in ETC buildings: 

Case 1 (biochar), Case 2 (plastic waste materials), and Case 3 (straw bales), and the cases will 

be compared with Case 0 (wood) materials that are used in the building. Thermal insulation 

properties such as thermal conductivity and density are the most important factors 

influencing this material's ability to insulate. These properties are used as variables in 

simulation; each variable is linked to the type of material used. Models were created for each 

material in the building performance simulation tool IDA ICE. In each model, the insulation 

of the external walls will be changed, but the rest of the construction specifications will stay 

unchanged. The results showed that all the materials selected in the evaluation have a low 

environmental impact (thermo-environmental assessment), low energy demand, and low 

carbon emissions. In the case of comparing the three cases 1, 2, and 3 of recycled materials, 

the results indicated that Case 1 (biochar) has the same environmental impact as Case 0 

(wood), but the energy used was more than Case 0 by 6%, and the economic impact (thermo-

economic assessment)regarding energy costs has the same value. There is no information 

regarding the material’s price. The results showed that Case 3 (straw bales) has a lower 

environmental and economic impact than wood. The results illustrated that adding Case2 

(EPS) with a thickness of 200 to the wooden building reduced demand by 3% for heating and 

cooling, and the energy used was less than 2%. Therefore, Case0 (wood) support with this 

layer is considered an appropriate solution to reduce energy demand. On the other hand, 

recycled materials have challenges in terms of insufficient research on the extent of their use, 

as in the case of biochar in Sweden. As well as challenges related to the development of 

strawbales, which have many problems related to rotting and moisture absorption. 

Keywords: Residual buildings, Walls insulation, Recycled materials, Thermal conductivity, 

IDAICE software, Climate-smart building, Thermo-environmental assessment, Thermo-

economic assessment. 
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SUMMARY  

The construction sector is a major contributor to the increase and exacerbation of the climate 

problem, so reducing emissions from this sector plays an important role in reducing carbon 

emissions that cause climate change. There are many strategies to reduce the amount of 

energy consumed within the building, which affects the amount of carbon emitted from this 

sector, and one of these strategies is to increase the insulation of the building, which is 

responsible for the thermal losses of the building. Among the most important elements that 

contribute to reducing energy losses are walls.  

According to studies, 60% of the heating losses come from the walls. From this point of view, 

there is a need to increase the insulation of the walls by choosing insulation materials that are 

less thermally conductive. And this selection of materials must be made at the first stage of 

design, i.e., before construction. Because the operational phase, i.e., the building use phase, is 

the most carbon-emitting phase (where construction passes, according to the construction 

LCA, in several stages ending with the use phase). 

Many recycled building materials have been used recently, which have good insulation 

properties. This type of material can reduce energy losses within the building. This work aims 

to evaluate three types of these materials environmentally and economically and compare 

them with wood. To achieve this goal, a building built of wood was chosen. Wood has high 

insulation, and this building is designed according to FEBY 18 Guld specifications. 

The materials chosen are biochar, recycled waste plastic material, and strawbale. These 

materials are characterized by low thermal conductivity. In this case, all parameters in the 

building will remain the same except for the external walls, where each case represents a type 

of insulation wall. The IDAICE program was chosen for the evaluation. This program 

simulates the energy within the building. It requires all building parameters, from the 

location to the orientation of the heating and cooling systems in the building. In all cases, all 

these parameters are fixed except for the external walls. 

As a result of the simulation, the annual cooling and heating loads and the carbon emissions 

and energy used were determined (thermo-environmental assessment) as well as the energy 

cost (thermo-economic assessment). Regarding the prices of materials, the information was 

taken from the Swedish market sites. 

As a result of the simulation, all materials have a low environmental impact.  According to 

the environmental assessment, adding the plastic layer (Case 2) to the wooden building was 

the most possible solution because it reduced the cooling and heating demand by 2%, the 

energy used by 3%, and emissions by 2%. While strawbales were the worst and most valuable, 

they have a less environmental impact, and their use led to an increase in cooling and heating 

loads by 2% and the use of energy by 3%, while CO2 emissions are lower by an amount that 



 

 

can be neglected compared to wood. The cost of energy increased by more than 65% 

compared to Case 0 (wood). 

While the effect of Case 1 (biochar) was like that of wood in terms of heating and cooling 

demand and emissions, the energy used was 6% more than wood. The economic assessment 

indicates that energy costs in Case 1 (biochar) and plastic waste in Case 2 (EPS) were almost 

like Case 0 (wood), while the price of materials for Case 1 (biochar) was unknown, while Case 

3 (strawbales) had the highest price. Undoubtedly, there are many challenges related to the 

utilization of these materials, including the lack of studies related to their impact and 

importance from an environmental aspect, in addition to the lack of technology related to 

addressing the problems of these materials. It is essential to use these types of materials 

more widely because they are a turning point in reaching sustainable societies. 
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DEFINITIONS 

Definition Description 

Building 
Envelop  

The building envelope includes building foundations, wall assembly, 
roofing systems, glass, and doors. 

Climate-
smart 
building  

House Energy-efficient building with sustainable building materials and 
energy supply. 

FTX system Fan-controlled ventilation system with supply air/exhaust air with heat 
recovery 

KL- wood it is a solid wood multi-layer board of wood, and it has excellent strength 
and stiffness properties. 

ETC ETC is a company building climate-positive houses.  

Boverket Sweden's authority for community planning, building, and housing. 
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1 INTRODUCTION 

The increase in the world's population and climate change have led to a significant rise in 

energy consumption in residential buildings. According to IEA, the use of building energy 

accounts for more than 40% of the total primary energy consumption in the European Union, 

and these proportions are expected to increase further (Cao et al., 2016). 

From this perspective, Sweden is seeking to reduce energy consumption in the construction 

sector by adopting smart construction options to reduce the carbon footprint of buildings 

(Swedish Climate Policy Council, 2022). Approach the smart control, energy management in 

buildings, and the type of building material can reduce environmental and economic impacts. 

Undoubtedly, building envelopes are responsible for a large portion of the heating and 

cooling load. Therefore, the type of materials in building envelopes is essential in reducing 

heating and cooling loads; in other words, advanced designs in building envelopes  can 

reduce these loads by up to 40% (Cao et al., 2016). 

According to statistics, the percentage of heat loss in the walls constitutes the most 

significant percentage of the loss, at about 60% to 70%, while the doors and windows account 

for the remaining percentage of heat loss. It is about 20% to 30%, while the smallest value of 

heat loss from the roof is about 10% (Feng et al., 2016). From this point of view, this degree 

project  focuses on insulation for walls (Feng et al., 2016). The heat loss from the external 

wall is mainly due to the thermal conductivity of the materials used in these walls.  

The thermal conductivity differs between different building materials, such as wood, which 

has low thermal conductivity and thus has a greater ability to conserve energy than 

traditional building materials such as cement, which has high thermal conductivity. (Feng et 

al., 2016). 

ETC Bygg AB is considered one of the companies that have invested in the green 

development sought via Vision 2030. In 2021, the company delivered climate-smart 

buildings, which used smart technologies like wood as a building material, solar panels as an 

energy source, and geothermal accuracy to reduce the carbon footprint of residential homes. 

As mentioned, many technologies can increase energy efficiency and reduce environmental 

and economic impacts on buildings, such as insulation materials in the walls. In general, 

using recycled or organic insulation materials has environmental and economic benefits 

(D'Agostino et al., 2019; D’Agostino & Parker, 2018). 

This work evaluates three recycled materials as building insulation materials(biochar , 

strawbales , plastic waste materials ). The aim is to understand these materials' 

environmental and economic impact on buildings. Does their use make a difference? The 

environmental assessment (evaluation of the thermal environment) consists CO2 emissions 

and the heating and cooling demand, used energy, while the economic assessment  (thermal 

economic assessment) is from two aspects, energy cost and the price of materials. In this 
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work, the materials are compared with the wood materials that are used within ETC climate-

smart buildings. 

1.1 Background 

Rapid population growth and climate change have resulted in significant energy consumption 

in buildings worldwide According to IEA, HVAC consumption represents about 12% of total 

global energy use in worldwide and reaching to 25% in cold regions such as the UE or Russia 

(González-Torres et al., 2022). Indeed, the building envelope effectively reduces energy 

consumption by lowering the heat transfer rate and energy consumption for cooling and 

heating, if selected suitable insulation materials (Cyrille Vincelas et al., 2017). Improving 

energy efficiency leads to a reduction in greenhouse gas emissions since 36% of greenhouse 

emissions are a result of energy consumed by buildings (Assaf & Abdo, 2022). 

In light of European energy policy, there are several strategies for increasing energy savings 

in buildings (D’Agostino et al., 2019),one of these strategies is to use insulation material in a 

building envelope, the envelope greatly lowers a building's energy requirements (Chwieduk, 

2017). Thermal transmission can be decreased by new insulation materials (D’Agostino & 

Parker, 2018b). 

Building material assessment is based on numerous parameters that identify the possible 

environmental effect of building materials from cradle to grave. The LCA method considers 

the entire supply chain, beginning with raw materials being mined, then being processed, and 

transferred by suppliers to producers, being carried to the consumer, being used and reused, 

and finally being disposed of or recycled (Assaf & Abdo, 2022). Figure 1 describes the 

Greenhouse gas emissions and energy consumption at every stage of the life cycle assessment 

process. 

 One of these is the operational stage, where energy embedded and carbon embedded are 

measured, that, representing how greenhouse gases are released (D’Agostino et al., 2019). In 

the assessment following life cycle stages according to EN 15804:2012 are included (One 

Click LCA®, 2023) 

 
Figure 1: Life cycle stages according to EN 15804, source : (One Click LCA®, 2023). 
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In general, manufacturing techniques for over 90% of the materials used for thermal 

insulation required massive amounts of non-renewable resources, which leads to rising 

greenhouse gas emissions (Cascone et al., 2019). According to estimates, the cement industry 

accounts for around 1.8 Gt of total global CO2 emissions and approximately 5-7% of all 

anthropogenic CO2 emissions (Palmieri et al., 2017). 

From this perspective, reusing natural resources like strawbales, biochar, and plastic waste 

could help minimize this proportion. Bio-based materials are one of the most sustainable 

solutions for reducing CO2 emissions because they act like carbon sinks throughout the life of 

the building (Cascone et al., 2019). On the other hand, the production of recycled materials 

such as straw does not require resources; for instance, straw is made from the residues of 

agriculture and has little use as animal feed. According to United Nations Food and 

Agriculture Organization (FAO), between 800 and 1000 million tons of rice straw are 

produced every year, with about 600 to 800 million tons made in Asia (Cascone et al., 2019). 

Moreover, recycled materials have thermal properties such as thermal conductivity and 

density that are better than traditional materials, therefore, their heat transmission is greater 

than that of traditional materials ( Bribián et al., 2011). That contributes to the rising demand 

for heating and cooling energy (Table 1 ). 

Table 1:Thermal properties of traditional and new alternative materials. 

Building product 
Density 
(kg/m3) 

Thermal conductivity 
(W/mK) 

Concrete roof tile 2380 1.65 
Cement 3150 1.4 
Wood wool 180 0.07 
Reinforcing steel 7900 50 
Aluminium 2700 239 
Polyvinylchloride 1400 0.17 
Sawn timber, softwood, 
planed, kiln dried 

600 0.13 

Ordinary brick 1800 0.95 
 

In this degree project, three recycled materials were chosen, which are biochar, strawbale, 

and plastic waste materials (EPS), the aim was to evaluate their effectiveness as insulation 

materials compared with a wood-based climate-smart building (D'Agostino et al., 2019). 

Overall, the degree project focused on both environmental and economic aspects. The 

environmental assessment aspect includes the cooling and heating loads, the energy used, 

and the amount of CO2 from the equipment (thermo-environment assessment), and the 

economic aspect (thermo-economic assessment) includes the cost of materials and the cost of 

energy (D'Agostino et al., 2019). All information and details regarding the construction site, 

heating systems, and design for the rest of the elements the construction are the same in all 

three cases; only the insulation material has changed for the external walls. Then the results 

will be compared with the smart building. 
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 The building has been built from ETC company .ETC in Västerås and Växjö is one of the 

companies contributing to Sweden's vision of the Paris Climate Agreement. ETC, which 

builds climate-smart residential buildings, is one company working towards a better future in 

more environmentally sustainable housing roofs. The approach involves incorporating solar 

panels on roofs and porches to provide electricity that traditional homes do not have. They 

also work to improve energy efficiency through improved insulation and to investigate 

alternative solutions with considerable environmental and economic benefits. 

The results of this degree project demonstrate insights into some of the solutions for 

minimizing environmental and economic implications in residential structures, particularly 

wall insulation. The use of biochar, straw bales, and plastic waste materials as insulation 

options bring forth certain challenges, which are also addressed in the degree project.  

1.2 Purpose  

The study aims to evaluate recycled building material's properties in cold regions (Sweden) 

regarding energy performance (thermo-environmental assessment) and economic aspects 

(thermo-economic assessment). The evaluation of biochar, straw bales, and plastic waste 

materials will be made in comparison with Case 0 (wood) as an external wall. 

1.3 Research questions 

 

The proposed aims of this study will be achieved by answering the following research 

questions: 

2. How is the environmental aspect (energy performance) affected when using recycled 

materials as insulation materials in buildings? 

3. How is the economic aspect (energy cost and material cost) affected when using 

recycled materials as insulating materials in buildings? 

4. Which recycled materials (biochar, straw, and plastic) have the greatest 

environmental and economic impact compared with wood? 

5. What are the challenges we face when using these materials as insulation materials? 
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5.1 Delimitation 

The study has covered the evaluation of the impact of recycled material in multi-family 

residential buildings in a cold climate region (the study location is Sweden). The study has 

included the evaluation of materials by comparing them with a wooden house. The study has 

limited to a certain number of recycled materials that are used as insulation materials on the 

external wall. The heating system previously used within the building and other integrated 

system details have not changed. The study has included an evaluation by replacing the 

external wall in the building while neglecting other factors that can affect it, such as the 

thickness of the wall and the orientation of the building. The study does not include energy 

costs for all equipment. 

2 METHOD 

In this degree project, a literature review will be performed to determine the different types 

of recycled and organic materials that can be utilized as insulation materials. The economic 

aspect has been taken into account regarding the materials cost according to the Swedish 

market in the study area. All information and data regarding the building have been obtained 

from the owner, including the characteristics of the building and the systems used, such as 

the heating and cooling system, the construction site, the building orientation, and all other 

information. 

In addition to the current situation in buildings, three cases will be identified (based on the 

literature study), each representing recycled material. Building energy modelling tools (BEM) 

is the study’s evaluation method. The annual energy performance of different proposed 

scenarios will be compared with the annual energy performance of the current building. 

Mainly, an environmental assessment will be performed as well as the economic aspect. 

2.1 Literature study 

 

In this work, a review of previous literature and studies will be done to build an integrated 

picture of the insulation materials used and the reasons behind their choice, which will help 

to understand the characteristics that make these materials have a significant environmental 

impact. All data obtained from the company will also be reviewed to support the simulation 

software. 
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2.2 Cases 

Three different recycled materials were used in the external wall instead of wood (building 

materials) to achieve the degree project goal, each representing one case. Case 0 is when the 

wood is used as an insulation material in the external walls. In this degree project, modular 

buildings for multi-family apartments will be assessed. These materials have been applied to 

the building, so another case will be compared with it, thus determining which one has a 

major environmental and economic effect (Table2). 

Table 2: Cases with a type of insulation  

Name of case  Type of insulation material  
Case 0 is when the wood is used as a building 

material in the external walls. 
 

Case 1 is when biochar is used as a building 
material in the external walls instead of 
wood. Biochar (SWBM8): In this case, 
softwood was used to produce biochar 
(Park et al., 2021). 
 

Case 2 is when the EPS panel is used as 
insulation for the external walls; in this 
case, extended polystyrene is made from 
recycled plastic materials. 
 

Case 3 When straw bales have been used as 
external walls 
 

 

Table 3 shows the properties of materials that have the most important effect on results. In 

each of the cases, the thermal conductivity (U) and the material's physical properties were 

entered into the simulation program. The heating and cooling energy consumption, as well as 

the energy cost and CO2 emissions, were evaluated by software. Thus, energy savings have 

been determined in all cases when they are compared to wood. Thermo-environmental 

assessment includes heating and cooling demand, use of energy and CO2 emissions. Thermo-

economic- assessment includes energy costs and material prices. 

Table 3: Materials properties. 

Material 
Thickness 
(mm) 

Density (kg/m3) 
Conductivity 
(W/m·K) 

Wood 517 500 0.13 
Biochar (SWBM8) 517 2148.45 0.723 
EPS 200 25 0.03 
Strawbales 473 80 0.15 
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2.1 BUILDING ENERGY MODELLING (BEM)TOOLS  

2.1.1 IDAICE 

This work's results were based on data collected from ETC Bygg AB. The IDA ICE simulation 

tool was used to simulate the building and obtain heating and cooling energy consumption 

estimates. IDA ICE is a simulation tool used to calculate the energy consumption of a whole 

building and can be changed according to the construction system. 

 The simulations depend on information about the geographical location of the building, 

climate data, and information related to the heating and cooling systems. Additionally, the 

program requires thermal conductivity (u) values for each construction element in the 

building, such as the wall, roof, and floor. SP2 Expert version 4.8 was used for the project. 

Table 4 presents the output and input for simulation in the IDAICE software. 

Table 4: The input data and the output data into IDAICE. 

Input 
Simulation 
method 

Output 

Geographic location, 
Orientation 

IDA ICE 

Total heating and cooling 
consumption 

Heating and cooling system Co2 emissions 
Construction elements, U 
value  

Energy saving 
Energy cost 

 

3 LITERATURE STUDY 

3.1 Energy consumption  

In 2008, it was discovered that more than half of the total energy utilized in the facility was 

allocated to heating and cooling (Nematchoua et al., 2015). Thermal insulation is one of the 

most efficient ways to save energy from cooling and heating a structure. As a result, 

numerous engineering studies focus on finding and selecting the optimal thickness of 

insulation (Nematchoua et al., 2015). 

Besides that, the walls' orientation, and the insulation material's qualities play an important 

role in decreasing energy savings in buildings (Nematchoua et al., 2015). In this case, the 

orientation of the building causes a change in the insulation's thickness, leading to an 

increase in the energy efficiency within the building (Bolatturk, 2008; Daouas, 2011; 

Nematchoua et al., 2015). 
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Further, the physical thermal properties of the external wall materials have a significant 

effect on saving energy in buildings (OOzel, 2011). From this perspective, the type of 

insulation material also affects it; for instance, in the case of fiber glass wool, we will choose a 

thickness different from the thickness of the walls in the case of insulation with polystyrene 

to save the same amount of energy in the building (Cyrille Vincelas et al., 2017). 

Indeed, the insulating materials, including extruded polystyrene, foamed polyvinyl chloride, 

foamed polyurethane, rock wool, and glass wool, raise the energy efficiency of buildings while 

the environmental aspect is not considered (Cyrille Vincelas et al., 2017). From this point of 

view, environmentally friendly insulation materials are a better option (Qiao et al., 2021). 

In Sweden, climate-smart buildings are currently being built, which will be studied in this 

work. In this type of building, wood was used as a building material. Wood products offer 

several environmental benefits compared to non-wood materials. Table 5 presents  CO2 

when wood products are produced compared with alternatives like concrete and metal 

(Bergman et al., 2014). 

Table 5:Carbon emission savings per unit of CO2 equivalent of wood in comparison with carbon released 
during nonwool product manufacturing. 

Carbon stored in 
the wood 
product  

Carbon released 
during nonwool 
product manufacturing 

Carbon emission savings per 
unitofCO2eqofwood 

4.0 6.5 -2.5 
4.0 6.5 -2.5 
14.6 16.7 -2.1 
2.599 3.1 -1.3 
 

Indeed, wood is composed of carbon that's absorbed from the atmosphere during tree 

growth, making it a carbon-neutral material. Therefore, wood products have a favorable 

carbon impact due to these effects. However, this is assuming that sustainable forest 

management practices are used during the time it takes for the forest to regrow completely 

after the wood is removed for product production (Jasineviius et al., 2017).  

The use of wood products can help decrease contributions to greenhouse gases in the 

atmosphere, but only if sustainable forestry practices are maintained during product 

substitution (Bergman et al. 2014). If more wood products are used in the future, there may 

be larger removals of wood during forest harvesting, which could challenge our assumption 

of carbon emissions associated with wood products and reduce the effect of substitution 

(Jasineviius et al., 2017). 

Furthermore, increasing deforestation will impact the carbon stored in forests, which will, in 

turn, affect the carbon content of the wood. On the contrary, the carbon footprint of wood 

will be increased (Jasineviius et al., 2017). Recently, the problem of deforestation has been 

avoided by reusing wood. This depends on the upstream and downstream strategies for wood 

materials. These strategies consider that the wood must be studied in the design stage when 

using it because this will affect its reuse (Piccardo & Hughes, 2022). 

According to Piccardo and Hughes (2022), upstream and downstream techniques (i.e., 

patterns) could be utilized in wooden buildings made up of lightweight or heavyweight 

construction systems. Upstream techniques reuse wood elements in new structures, and 
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downstream strategies reuse wood elements from demolished buildings. Further, their 

implementation contributes to reducing forest pressures; on the other hand, there are 

various barriers to applying upstream and downstream strategies to timber structures, 

including a lack of particular competence in decommissioning design and adaptability and 

the acquisition of salvaged timber (Brunet-Navarro et al., 2021). Furthermore, regulations 

such as energy efficiency and acoustic standards must be met while recovering wood 

(Piccardo & Hughes, 2022).  

In this regard, wood recycling strategies in new construction are quite recent, and they are 

used so often in 'experimental' structures that there is substantial stakeholder engagement 

(Brunet-Navarro et al., 2021). On the other hand, there has been little research on the 

implementation of wood reuse strategies (both upstream and downstream), so there is little 

information on the effectiveness of these methods (Piccardo & Hughes, 2022). 

Generally, it is possible to find alternatives to low-carbon sequestration materials, such as 

recycled and organic materials (Maljaee et al., 2021). These environmentally friendly 

alternatives help reduce the pressure on the wood from the forests, and at the same time, 

they have decarbonized the building sector (Jasinevičius et al., 2017). Also, the presence of 

simulations of these materials in the design stage will give an image of the impact that these 

materials will have environmentally and economically. 

3.2 Energy-efficient constructions 

3.2.1 Passive House  

Sweden has committed to reducing energy use in buildings by 20% by 2030 as part of the 

EU's energy agreement (Mihai et al., 2017). To achieve this goal, companies in Sweden are 

implementing passive houses, which have been shown to provide high thermal comfort and 

low energy consumption (Schnieders & Hermelink, 2006). 

A passive house is a building designed to reduce the need for energy consumed in heating 

and cooling while still maintaining a comfortable indoor temperature during the winter or 

summer. To qualify as a passive house, a building must not consume more than 15 kWh/m2 

of heat annually.  

Its energy consumption for heating, hot water, and electricity must not exceed 120 kWh/m2 

annually. Additionally, the air leakage volume should not be more than 0.6 times the volume 

of the house per hour at a pressure of 50 PSI. Passive houses rely on high thermal insulation, 

which depends on the type of insulation material and the energy system supplied to the 

building, including solar panels (Taleb, 2014). 
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3.3 Insulation materials  

The heating of buildings in Sweden constitutes a significant portion of the country's energy 

consumption, and a substantial part of it can be attributed to heat losses through the building 

envelope. Therefore, improving the thermal insulation of both new and existing buildings 

plays a crucial role in the country's efforts to reduce energy consumption. The Swedish 

agency responsible for regulating energy use in buildings, Boverket (Energideklarationens 

Innehåll., 2021), has set a standard of 80 kWh m2 per year for energy consumption in a new 

multi-family building in Stockholm. Additionally, the building must attain an average heat 

transfer coefficient U value of 0.40 W m2 K−1 or lower, as specified in SS EN ISO 13789:2007 

and SS 24230(2). The formula is available in the Swedish Building Regulations (Karami et 

al., 2015). Indeed, choosing a suitable insulation material can significantly reduce the 

environmental impact of a building. According to previous studies, climate change mitigation 

and carbon footprint reduction are associated with the type of insulation. More details about 

the main ideas of these studies and their link with climate change mitigation can be found in 

Table 6. 

Table 6:The key objective of selected and probable carbon footprint reduction. 
 

Selected article The main idea  of the article 
Carbon footprint 

reduction potential 
(Praneeth et al., 2021) Promotion of biomass waste to 

carbon-rich biochar and utilization as 

filler material to replace the sand. 

Biochar as partial sand 

replacement in cement 

mortar showed a 

reduction in CO2 

emissions. 

(Praneeth et al., 2021) Mixing biochar with cement 

compounds improved the thermal 

conductivity of these compounds and 

reduced carbon dioxide emissions by 

20% when using 40% of biochar with 

these cement compounds. 

Biochar has the ability to 

sequester CO2 in cement 

mortars. 

(Nyika & Dinka, 2022) The study found Plastic waste 

materials are solutions and 

construction materials, reducing 

waste amounts diverted to landfills, 

and lowering environmental pollution 

associated with plastic waste. 

Plastic waste is used in the 

manufacture of bricks, 

blocks,  insulating 

materials, and concrete 

products. 

(Karami et al., 2015) The research looked at the 

environmental effect of three 

buildings, one with traditional 

insulation, one stander building, and 

The Vacuum insulation 
panels showed a reduction 
in CO2 emissions. 
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one building with vacuum insulation 

panels. In all areas, Vacuum 

insulation panels were found to have a 

stronger environmental effect than 

traditional insulation. 

(Mehravar et al., 2022) The carbon emissions and energy 

performance of three different types of 

straw buildings are studied and 

compared to traditional buildings in 

the same climates. 

Straw as a construction 

material reduces energy 

consumption in buildings 

by around 83.12%, and the 

embedded carbon by 76% 

when compared to 

conventional construction. 

 

On the one hand, recycled materials contribute to reducing energy consumption and carbon 

emissions by improving the insulation performance of buildings, which leads to reduced 

energy use for heating and cooling (Porras-Amores et al., 2021). This can ultimately reduce 

the environmental impact of energy production. 

Further, the production of traditional insulation materials requires the use of materials, some 

of which may be derived from non-renewable resources or have negative environmental 

impacts. More than half of the greenhouse gas emissions of buildings insulated with 

conventional materials are related to the production stage (Bribián et al., 2011). 

Recycled building materials are a promising solution to achieve the goal of decarbonizing the 

construction sector (Ikechukwu & Shabangu, 2021). According to the annual report of the 

World Green Building Council (World GBC), all new buildings must contain at least 40% less 

embodied carbon by 2030 and be net carbon neutral by the year 2050. The United Nations 

Environment Program (UNEP) has recommended purchasing building materials on a low-

carbon and energy basis as a way to reduce environmental impact in the construction sector 

(Liu et al., 2022). 

Regardless, the processing and manufacturing of building materials account for 11% of CO2 

emissions from the construction sector. To reduce carbon dioxide emissions in the field of 

construction (Liu et al. (2022). 

This work deals with three types of such materials, namely biochar, straw bales, and waste 

plastic materials. According to many studies that evaluated these materials as insulating 

materials, it was found that they have many physical, mechanical, and thermal properties 

that improve the performance of buildings, values related to energy consumption in 

buildings, and at the same time, their ability to improve the environmental impact of 

construction (Legan et al., 2022). 

According to studies by Legan et al. (2022), these materials are considered low carbon. This 

is due to the way it is obtained, as straw is leftover material from wheat, corn, rice, barley, 

oats, rye, and sorghum after harvesting the grain (Legan et al., 2022). Obtaining it does not 

require any carbon-producing processes (Ikechukwu & Shabangu, 2021). On the contrary, it 

can convert into fertilizer when disposed of at the end of the building’s life (Legan et al., 

https://www.sciencedirect.com/topics/engineering/vacuum-insulation-panel
https://www.sciencedirect.com/topics/engineering/vacuum-insulation-panel


 

12 

 

2022; Liu et al., 2022). In addition to strawbales as insulation materials, they also improve 

energy performance in buildings when compared to traditional materials (Fuentes et al., 

2020). 

3.3.1 Biochar  

Biochar is a type of carbon-rich solid that is produced through a process called pyrolysis. This 

method of production results in less carbon dioxide being released into the atmosphere 

compared to other incineration techniques, making biochar a more environmentally friendly 

option. Additionally, biochar is a stable substance, meaning it can store carbon for a long 

time, which can help to reduce greenhouse gas emissions (Yang et al., 2019).  

In general, mixing biochar with cement mortar causes a decrease in thermal conductivity and 

an increase in porosity. In addition, the results showed that emissions decreased by 20% 

when used in construction while reducing the building’s energy consumption due to its 

thermoelectric properties, according to studies (Park et al., 2021; Praneeth et al., 2021). 

On the other hand, it is possible to trap about 4.8 gigatonnes of carbon annually by 

converting 10% of the global biomass to biochar. Moreover, biochar can reduce carbon 

dioxide emissions that occur due to the disposal or decomposition of organic waste and soil 

emissions. 

Despite all the studies showing its low environmental impact, more experiments are still 

needed to understand the role of biochar in improving the performance of cement composite 

and to draw more decisive conclusions about its use as a building material (Akhtar & Sarmah, 

2018; Legan et al., 2022; Maljaee et al., 2021; Mensah et al., 2021). 

Regardless, all studies and experiments so far have proven that this material has an 

important positive role in improving the physical and mechanical properties of building 

materials, and therefore its use in the field of construction will be responsible for reducing 

carbon emissions and thus mitigating climate change (Mensah et al., 2021). 

3.3.2 Plastic waste  

Plastic materials are an inevitable waste. Indeed, these materials have negative effects on 

land and water resources (Nyika & Dinka, 2022). Several studies indicate that the use of 

recycled plastic as an insulation material is a viable solution. Its advantages are not only in 

reducing the use of traditional building materials but also in reducing the amount of waste 

(Nyika & Dinka, 2022). 

These materials possess many insulating properties, including low thermal conductivity as 

well as higher compressive strength when mixed with other building materials. Recycled 

plastics are classified into several categories, including polyvinyl chloride (PVC), polystyrene 

(PS), polypropylene (PP), polyethene terephthalate (PET), and high-density polyethene 

(HDPE) (Kamaruddin et al., 2017). In general, these types of plastic materials differ in terms 

of ease of sorting, reprocessing, and recycling plastic waste (Awoyera & Adesina, 2020). 
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3.3.3 Strawbales  

Natural fibers, such as strawbales, have been used in many building projects in Sweden. This 

material is distinguished by its excellent thermal, acoustic, and fire-resistant properties. 

Straw is produced from the dried stalks of grains such as rice, wheat, barley, rye, flax, etc. 

after harvesting (Mehravar et al., 2022). These bales can also be made from other fibrous 

materials such as pea or corn stalks, pine needle leaves, or other types of grass (Koh & 

Kraniotis, 2020). 

However, one disadvantage of these materials is their inability to be used in all climates, 

including humid ones. Mehravar et al. (2022) found that straw-bale buildings have great 

energy-saving potential in all climates of Iran except for warm, humid climates where 

moisture can cause mould growth and deterioration of the straw, resulting in reduced 

thermal insulation performance (Koh & Kraniotis, 2020). 

As a thermal insulation material, the thickness of the straw bale in the wall is the main factor 

that affects the energy performance of the straw bale building. The results highlight the 

necessity of variations in straw wall construction depending on the local climate (Koh & 

Kraniotis, 2020). Strawbales buildings exhibit strong thermal performance when correctly 

designed and can achieve very low energy use with minimal embodied emissions (Cascone et 

al., 2019). 

4 CURRENT STUDY 

4.1 Input data  

4.1.1 Geometry   

Climate-smart buildings are characterized as those that produce more energy than they 

consume. This type of building can use the energy produced by its clean energy sources, for 

example, solar cells. 

ETC works to build sustainable buildings within conditions that achieve high energy 

efficiency. The buildings in Västerås are located almost entirely on the eastern shore of 

Mälar. 

Building materials have been carefully selected to obtain a more energy-efficient home, and 

wood wool and wood fibre insulation have been used. Solar energy was the source of energy 

in the homes. 

House A and House B were built, each building differing in area from the other. Appendix 1 

shows the area in which the buildings are located. The two buildings consist of 30 

apartments; the living area of each building is 882.2 square meters; each building contains 
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five floors, followed by a sixth floor in the form of a loft that reaches the edge of the roof and 

contains storage and a technology room. These two buildings were designed according to 

FEBY 18 Guld specifications; in other words, the goal was to have low operating costs and low 

environmental impact. 

 Information about the constructions and the ideas and justifications for their buildings are 

described on the website of the responsible company, ETC Bygg AB (2021). However, the 

total area is 17,655 square meters. Appendix 2,3 shows buildings A and B. In this work, these 

buildings will be tested, and their energy consumption will be determined in the case of 

choosing insulation materials other than Case0 (wood ), that have a low carbon footprint. 

Table 7 shows the specifications of the buildings. In this degree project, building A will be 

assessed. 

 

Table 7: Distribution of apartments for each building and an approximate number of tenants. 

 

 

 

 

 

 

 

 
Apartment number 

Number of 
rooms 

Apartment 
area[m2] 

Accommodation 
assumed 

P
L

A
N

 
1
 

1 A1001 1  39,6 1 
2 A1002 2 49,3 2 

3 A1003 2 49,1 1 

P
L

A
N

 
2

 

4 A1101 2 49,3 2 
5 A1102 2 49,1 1 
6 A1103 3 62,5 2 
7 A1104 1 34,4 2 

P
L

A
N

 
3

 

8 A1201 2 49,3 2 
9 A1202 2 49,1 1 
10 A1203 3 62,5 2 
11 A1204 1 34,4 1 

P
L

A
N

 
4

+
5

 12 A1301 2 96,8 2 
13 A1302 4 106,0 3 

14 A1303 4 117,1 4 

P
L

A
N

 
4

 

15 A1304 1 34,4 1 
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4.1.2 Materials  

ETC relied on building materials with high insulation, so it built its buildings with wood. The 

external walls were made of wood, which was laid in layers. These layers contribute to 

increasing the insulation, and they are made of cross-adhesive wood or KL-wood. As for the 

external surface of the façade, there is a layer of thermally treated pine wood called Thero 

wood. This type of material is characterized by being moisture resistant and having good 

insulation, in addition to its ability to create a pleasant climate inside the building. As for the 

internal walls, they were left bare of wood and painted with environmentally friendly clay 

paints. 

The floors were used according to the room; for example, the most durable floors were used 

for the kitchen and the entrance, which have wooden floors made of composite ceramic 

wood, which are considered to be of high durability. As for the floors of the bedrooms It was 

made of oak (ETC Bygg AB, 2021), which is less durable. In this study, a building consisting 

of one room will be approved for energy analysis. The following table will show the type of 

walls in the study and the materials used. 

 

 

 

 

 

 

 
APARTMENT 
NUMBER 

NUMBER 
OF ROOMS 

Apartment 
area[m2] 

Accommodation 
assumed 

P
L

A
N

 
1
 

1 B1001 1 39,6 1 
2 B1002 2 49,3 2 

3 B1003 2 49,1 1 

P
L

A
N

 
2

 

4 B1101 2 49,3 2 
5 B1102 2 49,1 1 
6 B1103 3 62,5 2 
7 B1104 1 34,4 1 

P
L

A
N

 
3

 

8 B1201 2 49,3 2 
9 B1202 2 49,1 1 
10 B1203 3 62,5 2 
11 B1204 1 34,4 1 

P
L

A
N

 
4

+
5

 12 B1301 2 96,8 3 
13 B1302 4 106,0 3 

14 B1303 4 117,1 4 

P
L

A
N

 4
 

15 B1304 1 34,4 1 
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4.1.2.1. Wall construction  

Two types of external walls were adopted.   Table 8,9 show the type of walls, their thickness 

and the type of insulation used. 

Table 8: The type of materials used for external walls and their thickness. 

Type of wall 
Thickness 
mm 

Materials 
Type of 
insulation 

U-value 
W/m2, K 

YV01 517 

Panel 21 

Steico Floc 

0.13 

Healed 28x70 
plywood healed 28x70 
Steico Therm 40 
Steico Floc 280 
CLT 120 

YV02 458 

Panel 21 

Steico Floc 

Healed 70 
Healed 70 
Steico therm 40 
Steico Floc 280 
healed 45 
3Ply 16 

 
YV03 

 
458 

Panel 21 

 
Steico Floc 

healed 70 
healed 70 
Steico therm 40 

Steico Floc 185 

CLT 140 

3Ply 16 

In ETC buildings, various types of interior walls containing many materials have been used; 

these walls have different dimensions and thicknesses of 60,382mm. The interior walls are 

generally chosen with a lower thickness than the exterior walls because they are not exposed 

to the external environment. Table 9 below shows the inner wall thickness and insulation 

materials in the ETC building, and the company uses CLT (Cross-Laminated timber panels), 

which are good thermal insulators and are used to improve energy efficiency in buildings. 

Table 9: The type of materials used for internal walls and their thickness. 

Type of wall 
Thickness 
mm 

Materials 
Type of 
insulation 

U-value 
W/m2, K 

Internal wall 280 

CLT (cross-
laminated timber) 

160 

CLT panel 0.61 
Air  20 
Metal stud/Steel 
stud 

70 

Gypsum board  15 
Gypsum board 15 
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4.1.2.2. Windows and Doors 

 In the ETC buildings, two types of windows with high-efficiency insulation (U-value is 0.79 

W/m2, K) as well as high security against theft have been adopted. The two types used are 

F03 and F05. Regarding the doors, FD01 and FD02 were adopted (ETC Bygg AB, 2021). They 

have high-efficiency insulation with (U-value is 0.90 W/m2,k) and anti-theft locks. The 

Specifications of doors and windows have been shown in Table 10, Appendix 4. 

Table 10: The standard for the building's windows and glass doors. 

4.1.2.3. Floor  

For multi-family buildings, it is preferable to use wood floors that prevent the spread of 

noise. The palate of the Bjälklag type has been adopted to overcome this problem and avoid 

the use of concrete. Table 11 illustrates the components of the floors and within the floors. In 

the buildings, a type of bituminous roofing from the Katepal brand was used, which is a kind 

of roofing material made of bitumen. Katepal bituminous roofing material is known for its 

durability, weather resistance, and ease of installation. They are a popular choice for both 

residential and commercial roofing applications (Bjälklag-TräGuiden, 2023). Regarding the 

bitumen substrate is a layer of bitumen that is applied to the surface as a base layer. This 

layer works as an adhesive for bituminous roofing material. 

 

 

 

 

 

 

Type 
Width 
[mm] 

Length 
[mm] 

Glass 
panel 

Window 
type 

U - value 
W/m2, K 

Single window F03 980 1380 0.7 
3-Glass 
window 

0.79 

Double window F05 2180 1280 0.7 
3-Glass 
window 

0.79 

Glass doors 
FD01/FD02 

990 2090 0.7 3-Glass door 0.90 
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Table 11: The type of materials used for floor and roof. 

Type 
Thickness 
mm 

Materials 
Type of 
insulation 

U 
W/m2, 
K 

Plate 
 

400 

oak parquet 20 

Steico 

flooring 

(iso) 

0.08 
Steico flooring (iso) 40 

Gravel 40 

concrete 300 

Floor  
 

404 

Parquet flooring 14 

0.08 
Steico golv (iso) 40 
Gravel 90 
Steico flooring (iso) 40 
Solid wood (CLT) 220 

Roof 623 

Bituminous roofing 
material, Katepal 

 

Universal 
Steico 

0.08 

Substrate bitumen  
Ceiling plywood 18 
Ventilation batten 45x70 45 
Universal Steico 40 
Steico beam, unlocked 
insulation Steico zell 

400 

4.1.2.4. Heating and cooling system  
 

A geothermal heating system has been used in buildings. Thus, many essential components 

have been implemented to achieve this system, such as tanks, control valves, and 

pumps(Table 12). The CO2 equivalent will be 125 grams of CO2/kWh.  The buildings are 

provided with a thermal heating system consisting of a geothermal heat pump and an electric 

cassette connected to built-in radiators and an installed storage tank.  

Table 12: Components of the heating system. 
 

Heating part Abvireation Manufacturers TYPE 
Accumulator tank ACK1 Thermia WT-V 
Ground Source Heat 
Pump 

BVP Thermia Mega S 

Electric box 15 Kw Elp1 Thermia EK 15E 
Compact radiators CR Thermia TP v4 
 

Ground source heat pump specifications (Thermia, Mega S) are below in Table 13. The pump 

is equipped with integrated Thermopanel TP V4 radiators for heat distribution in buildings. 

built-in building radiators (Appendix 5). 
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Table 13: Ground source heat pump specifications. 
 

Ground Source 
Heat Pump 

Hot side Cold side Unit 

Medium Water Ethanol/water  
Power 30 18 kW 
Temp in 40 0 °C 
Temp out 55 -3 °C 
Flow 0.5 1,5 l/s 

4.1.2.5.  Description of the ventilation system 

The ventilation system in buildings A and B is of the FTX system, with an air handling unit of 

the REC Indovent category RT 3500 and a heat exchanger with the counterflow(Table 14, 

Appendix 6 ).  

Table 14: Specification for Air Handling Unit. 
 

Air Handling Unit 

Airflow 545/545 l/s 

Forced Airflow 545/665 l/s 

VVX - Domestic Hot Water (DHW) Coil Motströms  

Dry Efficiency 89,5 % 

Minimum Temperature after DHW Coil 
during Defrost 

10 °C 

SFP (Specific Fan Power) 1,2 kW/(m³/s) 
 

 

The Co system is supplied with REC heating and cooling coils. The heating coil, model NKV 

1000x500-3, is installed in a duct behind the air handling unit. The cooling coil, OKW 

1000x500-3, is installed in the pipe after the heating coil. Table 15 presents the 

characteristics of the cooling and heating batteries (Appendix 5) . 
 

Table 15: Specification for heating and cooling coil. 
 

 Heating coil Cooling coil  
 Air Water Air water Unit 
Heating capacity 14 14 8,3 8,3 Kw 
Flow rate 545 0,13 545 0,44 l/s 
Inlet temperature -20 55 27 10 C 
Outlet temperature 0 30 19 15 C 
Pressure drop 17 1800 17 2800 Pa 
 

Furthermore, each apartment is supplied with a CH-W-125 heating battery. Table 16 

describes the components of one single battery. For complete information regarding 

the ventilation system, refer to Appendix 5,6: Material Specifications for Air 

Handling. 
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Table 16: Specification for heating coil. 

Heating coil AIR Water Unit 

Heating capacity 1,2 1,2 kW 

Flow rate 35 0,02 l/s 

Inlet temperature 17 55 C 

Outlet temperature 45 40 C 

Pressure drop 29 5800 Pa 

4.2 Cases data  

The specifications of the walls were adopted in the study from several resources. Tables 17, 

18, and 19 show the specifications of the walls and U value, and the sources to which the 

specs belonged. 

4.2.1 Case1-Biochar  

Table 17: Specifications for biochar walls 

Type of 
wall 

Thickness 
mm 

Materials 
Type of 

insulation 
U-value 

W/m2, K 
Source  

 
SWBM8 

 
517 

Biochar 26% 
Biochar 0.723 

(Park et al., 
2021) Cement  74% 

4.2.2 Case 2- Plastic waste materials 

Table 18:Specifications for   Expanded Polystyrene (Eps). 

Type of 
wall 

Thickness 
mm 

Materials 
Type of 
insulation 

U-
value 
W/m2, 
K 

Source  

StoTherm 
Vario D, 
External wall 
insulation 
system with 
drained EPS 
and brick 
slips surface 
 

200 

Adhesive mortar 

Expanded 
polystyrene 
(EPS) 

0.033 

(StoTherm Classic, 
External Wall 
Insulation System 
With EPS and 
Organic Render 
Surface, 2023) 

Insulation 
Base coat 
Reinforcement 
Intermediate 
layer 
Finish coat 
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4.2.3 Case3- Strawbales  

Table 19: Specifications for straw bale walls. 

Type of wall Thickness 
mm 

Materials Type of 
insulation 

U-value 
W/m2, 

K 

Source  

 
SBW_03 
Straw infill wall 
with double 
wood frame 
structure 

473 Wood cladding 
 

 Strawbals  0.15   

Wood fibre 
board 

 (Réseau 
français de la 
construction 
paille, 2023) 

Straw bales 
infill 
 

  

Mortar   
Technical 
cavety (45 mm) 

  

Gypsum 
fibreboard 

  

Wood frame   
Wood batten or 
steel strip 

  

  Wood frame     
  

4.3 CO2 equivalents 

The CO2 equivalent will be assumed for district heating, the CO2 equivalent combined heat 

and power plant ground source heat pump is 76 g CO2/ kW h. For the district heating, the 

CO2 equivalent will be 81 gCO2/ kW h (Energiföretagen, 2017). Regarding, the heating 

system, the CO2 equivalent will be to be 125 gCO2/ kW h (naturvårdsverket, 2019). 
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4.4  Materials cost 

The economic evaluation of these materials is based on two aspects: the price of the materials 

and the energy cost (Table 20). The energy cost is related to heating and cooling energy 

consumption. The simulation result will determine these values. 

Table 20: Materials cost according to the Swadesh market. 

Material  
Price for 1 m2 

SEK 
Source  

Wood 158 (Plywood, 2023) 

Biochar 
 

______ _________ 

Plastic waste materials 
(EPS) 

(2,88M²) , 540 (Isolering, 2023b) 

Straw bales 219  (Isolering, 2023a) 

4.5 Energy cost  
 

The cost of district heating is around 98 öre/KWh (eon.se, 2021). The price of a ground-

source heating system is approximately 95 öre/KWh (Värmepumpsguiden, n.d.). 

 

4.6 Simulation  

4.6.1 Modelling  

According to the tables shown earlier in the current study, the building was designed in IDA 

ICE by entering all the necessary information for the simulation, such as building parts and 

system details. First, IFC files were imported for modelling, where the building was divided 

into zones and each apartment represented a zone, with the internal walls inside the 

apartment neglected. For the storage area, all storage areas were included in one area to 

simplify modelling. Statistics Sweden's Domestic Housing Report (2017) estimates the 

population for the number of residents in each house, according to Table 2, from 2 to 27, 

person loading was scheduled as being present from 17:00 to 07:00. 

To simplify the construction of the heating system, a district heating system was used, but 

with a COP (Coefficient of Performance )factor corresponding to the geothermal heating 

system with which the buildings were equipped. Hot water consumption is approved based 

on the company's pre-energy calculation. Figure 2 shows the building model after adding all 

the information about building parameters. 
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Figure 2: ETC model building, image from IDA ICE simulation program, source: IDAICE 

 

5 RESULT  
 

5.1 Modelling, Case 0, Case 1, Case 2, Case 3 

5.1.1 Case 0 - Wood  

Table 21 shows the thermo-environmental assessment and the thermo-economic assessment 

when the wood is applied. According to the results, the total heating energy demand during 

the year was 12478.9 Kw h/year, and the total cooling demand during the year was 198651.2 

Kw h. 

Table 21: Thermo-enviro assessment and Thermo-economic assessment when the wood is applied (current 
situation) 

W
o

o
d

 

Thermo-enviro assessment 
Thermo-
economic 
assessment 

Cooling 
energy 

demand 
kW h/year 

Heating 
energy 

demand 
kWh /year 

Total 
heating 

and 
cooling 
deman

d 
kWh 
/year 

Total 
delivered 

energy. 
KW h / m2 

/ year 
 

Co2 
emissions 
kg eq/ m² 

Ener
gy 

cost 
SKE 

Material
s cost 

SEK,m2 

Total 12478.9 198651.2 211130.1 158 5199.0 25000 158 
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Figure 3 shows the heating and cooling demand during a year. According to the result, 

cooling energy increases in the summer and reaches its peak during  July, when the value of 

cooling is 11.22 kW, and heating increases during the winter months and reaches its peak 

during  September when the value of heating is 52.00 kW. 

 

Figure 3:Heating and cooling demand with Case0(wood construction), IDAICE 

CO2 emission from equipment is 5199kg/year(Table 21 ). Based on the results, the CO2 

emissions in July (401.2kg ) and January (395.6kg ) are higher than in other months due to 

the higher cooling and heating loads in these months (Figure 4). 
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Figure 4: Co2 emissions with Case 0( wood construction). 
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The energy simulation model shows that the total delivered energy is 158 kWh/m2 per year 

(Table 21). According to Figure 5 , January is much colder, with 80% of the energy going to 

heating, while July is much hotter, with 80% of the energy going to cooling. Figure 6 shows 

the peak demand for heating in January was 15144 kWh, and the peak demand for cooling in 

July was 4282.0 kWh. 

 

 

 

 

 

 

 

 

 

 

 

 

  

    

 

 

 

 

 

 

 

 

 

 

In the case of energy costs for buildings, the total energy cost regarding distracting heating 

and cooling systems, lighting, and the HVAC system is 25000SEK per year. This cost has 

been divided between the summer and winter months(Figure 7). 
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Figure 5:Delivered Energy with Case0(wood construction ). 
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Figure 6: Delivered Energy with Case0(wood construction). 
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Figure 7: Energy cost with   Case 0 (wood construction). 

5.1.2 Case1- Biochar 

Table 22 shows the thermo-enviro assessment and thermo-economic assessment when 

Biochar is applied. According to the results, heating energy demand is 198651.2Kw h per 

year, and cooling energy demand is 12478.9 Kw h per year. 

Table 22: Thermo-enviro assessment and Thermo-economic assessment when biochar is applied. 

B
io

c
h

a
r

 
 

Thermo-enviro assessment 
Thermo-economic 
assessment 

Cooling 
energy 
demand 
kW 
h/year 

Heating 
energy 
demand 
kWh 
/year 

Total 
heating 
and 
cooling 
demand 
kWh 
/year 

Total 
delivered 
energy  
KW h / m2 / 
year 
 

Co2 
emission 
kg eq/ 
m² 

Energy 
cost 
SKE 

Material 
cost 
SEK,m2 

Total 12478.9 198651.2 211 130.1 167.9 5197 24600 ---- 
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Figure 8 shows heating and cooling demand during a year. According to the result, the 

demand for cooling increases in the summer and reaches its peak during August, when the 

peak demand for cooling is 11.22 kW, while the demand for heating increases during the 

winter months nd reaches its peak dduring anuary when the peak demand for heating is 

52.00 kW. 

 

Figure 9 presents the CO2 emission from equipment, which is 5197 kg/year. Based on the 

results, the amount of CO2 emissions in July (400.9) and January (395.6) is higher than in 

other months due to the higher cooling and heating loads in these months. 

Figure 8:Heating and cooling demand with Case1(biochar construction),source: IDAICE. 
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 Figure 9:Co2 emissions with Case1(biochar construction). 
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The energy simulation model result shows that the total delivered energy is 167.2 kWh/m2 

per year (Table 22). January is much colder, with 80% of the energy going to heating, and a 

peak for heating is 16746 kWh, while July is much hotter, with 80% of the energy going to 

cooling, and a peak for cooling is 4276 kWh(Figure 10,11). 

 

Figure 10 :Delivered energy with Case1( biochar construction). 

 

 

Figure 11:Delivered energy with Case 1(biochar construction). 
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In the case of energy costs for buildings, the total energy cost regarding distracting heating 

and cooling systems, lighting, and the HAVC system is 24600 SEK per year. This cost has 

been divided between the summer and winter months (Figure 12). 

 

Figure 12: Energy cost with Case 1( Biochar  construction). 

5.1.3 Case 3   Plastic waste materials (EPS) 

Table 23 shows the thermo-enviro assessment and thermo-economic assessment when 

Plastic waste material (EPS) is applied. According to the results, the total heating energy 

demand is 195463.4kw h / year, and the total cooling demand per year is  12478.9 Kwh. 

Table 23: thermo-enviro assessment and thermo-economic assessment with  EPS construction 

E
P

S
 

Thermo-enviro assessment 
Thermo-economic 
assessment 

Cooling 
energy 
demand 
kW h/year 

Heating 
energy 
demand 
kWh /year 

Total 
heating & 
cooling 
demand  
kWh 
/year 

Delivered 
energy  
KW h / 
m2 / year 
 

Co2  
kg eq/ 
m² 

Energy 
cost 
SKE 

Materials 
cost 
SEK,m2 

Total 12478.9 195463.4 207942.1 156.3  5198.1 25016.2 0.00075 
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Figure 13 shows the heating and cooling demand during a year. According to the result, 

cooling energy demand increases in the summer and reaches its peak on May 15th, when the 

peak demand for cooling is 11.22 kW, and heating energy demand increases during the winter 

months and reaches its peak on February 7th, when peak demand for heating is 50.69 kW.

 

Figure 13: Heating and cooling demand with Case2( EPS  construction). 

CO2 emission from equipment is 5199 kg/year(Table 23). Based on the results, the amount of 

CO2 emissions in July (401) and January (395.2) is higher than in other months due to the 

higher cooling and heating loads in these months. 

 

Figure 14: Co2 emissions with Case2( EPS construction). 

395.2
401.1

330

340

350

360

370

380

390

400

410

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

K
g

Months 

CO2 eq -EPS



 

31 

 

The energy simulation result shows that the total delivered energy is 156.3 Kw/m2 per year 

(Table 23). January is much colder, with 80% of the energy going to heating and a peak 

demand for heating of 14663 kWh, while July is much hotter, with 80% of the energy going to 

cooling and a peak demand for cooling of 4283 kWh(Figure15,16). 

 

Figure 15:Delivered Energy with Case 2 ( EPS construction). 

 

Figure 16: Delivered Energy with Case2(  EPS  construction) . 
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Figure 17 presents the total energy cost regarding distracting heating and cooling systems, 

lighting, and the HAVC system is 25016.2 SEK per year. This cost has been divided between 

the summer and winter months. 

 

Figure 17:Energy cost  with Case2( EPS  construction). 

5.1.4 Case 3 - Strawbales  

Table 24 shows the thermo-environmental assessment and the thermo-economic assessment 

when strawbales are applied. According to the results, the total heating energy demand is 

12479 Kw h/year, and the total cooling demand is 202983.9 Kw h/year. 

Table 24: Thermo-enviro assessment and thermo-economic assessment with strawbales construction 

S
tr

a
w

b
a

le
s

  Thermo-enviro assessment 
Thermo-economic 
assessment 

Cooling 
energy 
demand 
kW h/year 

Heating 
energy 
demand 
kWh /year 

Total 
heating & 
cooling 
demand  
kWh 
/year 

Delivered 
energy  
KW h / m2 
/ year 
 

Co2  
kg eq/ 
m² 

Energy 
cost 
SKE 

Materials 
cost 
SEK,m2 

Total 12479 202983.9 215462.9 162.3  5197 38005.4 219 
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11.22 kW, and heating increases during the winter months and reaches its peak in February 

when the peak demand for heating is 51.93 kW. 

 

Figure 18: Heating and cooling demand with Case 3( strawbales construction), source : IDAICE. 

CO2 emission from equipment is 5199 kg/year(Table 24). Based on the results, the amount of 

CO2 emissions in July (400.9kg) and January (395.3kg) is higher than in other months due 

to the higher cooling and heating loads in these months(Figuer19). 

 

Figure 19: Co2 emissions withCase3(strawbales  construction). 
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The energy simulation model result shows that the total delivered energy is 158 kWh/m2 per 

year (Table 24). January is much colder, with 80% of the energy going to heating, while July 

is much hotter, with 80% of the energy going to cooling. According to the simulation 

result(figure 21), the peak demand for heating in January was 15781 kWh, and the peak 

demand for cooling in July was 4280 kWh(Figure 20,21).

 

Figure 20: Delivered Energy with Case 3 (strawbales construction) . 

 

Figure 21: Delivered Energy with Case 3 ( straw bales construction). 
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Figure 22 shows the energy costs for buildings per year, the total energy cost regarding 

distracting heating and cooling systems, lighting, and the HVAC system is 38005.4 SEK per 

year. This cost has been divided between the summer and winter months. 

 

Figure 22: Energy cost with Case 3 ( strawbales construction). 

5.1.5 Comparison between cases  

According to the results shown in Table 25, that describes the difference between 

Cases0,1,23. Case 1 (EPS) has the lowest values, thus its environmental and economic effects 

are the highest, where the cooling and heating demand will decrease by 3188 kWh/year 

compared with Case 0. Also, as the emitted CO2 decreases to 1 kilogram, the energy used will 

decrease to 2.5 kWh/m2. On the other hand, these materials are very cheap and are widely 

available in Sweden. A board with an area of 1200 mm by 600 mm costs about 540 kronor. If 

this cost is added to the cost of a square meter of wood panels, this cost is straightforward; 

that is, the cost will increase by a very small percentage. Regarding energy cost, the value is 

the same in Case 0. Consequently, this option is one of the best options from an 

environmental and economic aspect.Regarding Case 3 (strawbales), heating and cooling 

demand will increase by 4338 Kw compared with Case 0, and the energy used will increase by 

4.3 kW/m2. In this case, no energy is saved, but rather the energy spent within the building 

increases when using strawbales. Regarding CO2, this option will prevent 2 kilograms per 

year more than Case 0. The price of materials will be higher than the price of wood by 100 

SEK per square meter, and the energy cost will be higher than 13000 SEK compared with 

Case 0. Therefore, this option is not worthwhile. 
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Regarding Case 1 biochar, the heating and cooling demand will be the same as compared to 

Case 0 wood. 

Also, CO2 emissions will decrease by 2 kilograms. There was no energy conservation; on the 

contrary, the energy used is more than in Case 0 by 9 kWh/m2. This material is not used in 

Sweden, so there is no information about its price.  

All recycled materials are considered similar to wood in their environmental and economic 

impact and their use in cold countries; the study was in Sweden. The choice of using wood as 

a material in the walls to insulate them had an excellent economic effect. From this point of 

view, the addition of EPS panels will increase the positive environmental impact of Climate-

smart buildings. 

Table 25: Comparison of cases 1, 2, and 3 with case 0 (wood). 

 
Type of 
insulation 
materials 

Total 
heating and 
cooling 
demand 
kWh/year 

Energ
y 
saving 
Kwh/
m2 

Avoided 
CO2  eq, 
Kg 

Energy 
cost 
SEK, 
year 
 

Materials 
cost 
SEK,m2 

CASE 0 Wood  - --------  158 
CASE 1 Biochar 0 +9 -2 0 --------- 

CASE 2 
Plastic waste 
materials 
(EPS) 

-3188 -2.6 -1 0 
0.00075 + 

158 

CASE 3 Strawbales +4332.8 +4.3 -2 +13000 219 

 

 

6 DISCUSSION 

This work used a case study of a wooden house to evaluate three recycled materials for 

environmental and economic aspects. The following section presents the results of the 

discussion. 
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6.1 Result  

6.1.1 Environmental effects of material 

This building was built as a passive house. A low thermal conductivity characterizes wood. In 

this case, Uvalue is 0.13 Kw/m2 for the exterior wall. According to this finding, Case0(wood) 

is a good insulation material with low CO2 emissions; thus, it has a positive environmental 

impact. 

The impact of wood includes heating and cooling demand and the delivered energy. Those 

values have low values regarding wood. The thermal conductivity of wood can save energy in 

buildings, which reduces the need for heating and cooling.  

Regarding CO2 emissions of 5198 kg per year, this value is considered low compared with 

CO2 from traditional materials (Park et al., 2021). 

In Case 1, the SWBM8 softwood (biochar) percentage is 26% with cement mortar and only a 

small percentage of water. The biochar has a high porosity, which makes it have good thermal 

properties. High porosity contributes to better thermal conductivity (Wang et al., 2019). 

Thus, mixing biochar with building materials helps improve the thermal conductivity of these 

materials. Several papers have been published on the development of building materials by 

mixing them with biochar. Multi-source, where the value of thermal conductivity is 0.7 

W/mK. In this work, Case 0(biochar) has been used as external wall insulation with a 

thickness is 517 mm. Currently, there are no studies available in Sweden on this material, its 

environmental impact, or how to extract it and use it with building materials. Therefore, the 

biochar material was taken from a study conducted in 2021 (Park et al., 2021). 

The environmental impact of biochar includes heating and cooling demand and the delivered 

energy is low, due to the thermal conductivity of biochar can save energy in buildings, which 

reduces the need for heating and cooling. Regarding CO2 emissions of 5198 kg per year, this 

value is considered low compared with CO2 from traditional materials. Low heating and 

cooling demand affect CO2 emissions due to the low need for less energy, which is low in this 

case. As a result, the biochar material has the same thermo-environmental impact when 

compared with Case0(wood). 

 In Case 2, EPS panels were used, and made from recycled plastic waste. These panels are 

characterized by their lightweight, water resistance, high strength, and ease of forming 

(Nyika & Dinka, 2022). Therefore, it is considered a suitable material for building and 

construction. In addition, their density is low, which makes them highly insulating, especially 

if they are mixed with other building materials (Ikechukwu & Shabangu, 2021). In the study, 

the value of thermal insulation was 0.03 kWh/m, the density was 15 kg/m3, and EPS panels 

were added to the wooden house with a thickness of 200 mm as an insulation layer. 

The impact of plastic waste material(Case2)  includes heating and cooling demand and 

delivered energy. Those values have a low value. Hence, the thermal conductivity of EPS can 

save energy in buildings, which reduces the need for heating and cooling. Regarding CO2 

emissions of 5198 kg per year, this value is considered low compared with CO2 from 

traditional materials. Low heating and cooling demand has an impact on CO2 emissions 

because, as energy use decreases, so does the demand for restricted heating and cooling. 
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As a result, the impact of EPS, including heating and cooling demand, is lower by 2% than the 

impact of wood. and EPs prevent 1 kg of CO2 emissions per year and reduce used energy by 2 

kWh/m2/year (3%). This value will have a large effect in the long term. 

As a result, Case 2(EPS) is better than Case 0(wood) regarding environmental assessment. In 

case 3: straw bales, the rate of thermal conductivity increases with the increase in straw 

density. Moreover, the thermal conductivity is impacted by the fiber direction of the straw 

bundle. In this study, the thermal conductivity was 0.15 kWh/m. The impact of straw bales 

includes heating and cooling demand and the delivered energy. Those values have a higher 

value in wood. The thermal conductivity of straw can save energy in buildings, which reduces 

the need for heating and cooling. Regarding CO2 emissions of 5197 kg per year, this value is 

considered low compared with CO2 from traditional materials. 

 Low heating and cooling demand impact CO2 emissions because, as energy use decreases, so 

does the demand for heating and cooling. The simulation results, regarding strawbales used 

in external walls with a thickness of 473mm and a U value of 0.15 kWh/m, showed that these 

buildings have the potential to increase heating and cooling energy consumption by 2% and 

prevent 1 kg of carbon emissions every year compared to wood. 

Undoubtedly, this material's impact is lower than that of traditional building materials. 

According to previous studies, the U value can be as high as 0.1 kWh/m; thus, it will improve 

its environmental impact (Fuentes et al., 2020; Mehravar et al., 2022). 

In this degree project, the comparison was with wooden houses; in this case, the effect was 

greater than that of wood, as the results indicate that these buildings' energy consumption for 

heating and cooling is higher than that of wood buildings. As a result, straw bales perform 

worse than wood in terms of environmental assessment (thermo-environmental 

assessment).  

6.1.2 Economics effects of material 

The use of good insulation contributes to reducing the air conditioning load and thus 

reducing the electricity bill. This reduction is important for the economic evaluation of 

materials; however, the cost of materials is an important factor in selecting this insulation 

material. In this work, the evaluation was related to the assessment of three recycled 

materials from an economic aspect (thermal economic assessment), from two aspects: the 

energy cost and the material price evaluation of materials; however, the cost of materials is 

an important factor in selecting this insulation material. 

To calculate the energy cost, the price per kilowatt was 0.89 Öre/KW. According to 

companies in Sweden, the cost of energy may vary in other regions of Sweden. The prices 

were for the study area. In this case, Case 2(EPS) had the same energy cost as wood, with a 

lower cost regarding EPS panel price. This cost is low. While the cost increased in the case of 

straw bales due to higher energy consumption for cooling and heating, it decreased when 

plastic panels were added to the wood walls. On the other hand, in the discussion of the 

evaluation of materials from the side of the price of materials in the Swedish market, prices 

were adopted for plastic, straw, and wood, while biochar does not have any information 
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related to its cost because it is not available in Sweden. The best price was Case2(EPS) price, 

which has the lowest price. Case 3(strawbale) was more expensive than wood, so it was not 

economically efficient.  

6.1.3 Comparison with Wooden House  

Recycled materials are considered materials with high insulators similar to wood due to their 

low thermal conductivity for Case0(wood )is 0.13 W/m2, K, for Case1(biochar )is  0.7 W/m2, 

K, while straw is 0.15 W/m2, K,  for Case 2 (plastic waste materials) is 0.03 W/m2, K. All these 

materials have good thermal properties that affect district heat and cooling per year and used 

energy in the building, as all values were close. The greatest effect was 

fromCase3(strawbales), whileCase1( biochar) has the same environmental impact as wood, in 

this case, biochar comes from wood, and there is an easy way to prepare it. In the economic 

assessment, there is no information on the prices of these materials in Sweden, and 

Case3(strawbales) have a higher material price compared to wood. 

Case 2(EPS) was added to the wall of the building in a 200-mm layer. This layer improved 

the insulation and did not add significant costs to the construction price. Even if the cost 

value is slightly higher, in the long term, the energy cost will decrease by 3%, which will 

reflect positively on the operating cost of the building. 

The results demonstrate a lower environmental assessment of Case 3(straw bales) regarding 

carbon emissions, and the heating and cooling loads were the greatest compared with the rest 

of the materials in the study. Raising the building running cost has a bad impact on the long 

term, otherwise, if the materials exist in the construction area, it will be a good option, 

although it increases the operational cost of construction. All previously recycled materials, 

compared with wood, have a low environmental impact, low carbon emissions, and low 

energy costs. 

In any case, the best Case from an economic and environmental aspect is to add recycled 

plastic panels to the building, while Case 0(biochar) can be a good alternative to wood if it is 

located in Sweden and is less expensive. 

6.2 Methods 

A real building case was studied in terms of the approved materials and the studied system 

values, and these variables were placed into the simulated program. To obtain the required 

results, the program needs a lot of data for all elements of the project. A lot of data has been 

entered into the IDAICE simulation program, but some standards have been imposed on this 

work due to the short time limit. For all cases in this degree project, the information related 

to the physical properties of materials was taken from scientific articles and research with 

real values before analysis. From this point of view, the results can be considered close to the 

real results by a certain percentage. On the other hand, Swedish market websites were 

adopted to reach the price of materials in the study. 
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6.3 Challenges  

Utilizing recycled materials has a multitude of benefits, including less waste, resource 

conservation, and reduced environmental effects. Since there are several limitations to 

utilizing recycled materials, these are a few examples of common challenges: 

• Quality is a fundamental criterion; it must be adequate to fulfil the functional 

requirements of the projected end-use market applications (Maljaee et al., 2021). 

Environmental assessments are a valuable asset to the concept of recycling quality; in 

this case, more research in this area is critical to supporting trash policies that 

maximize the benefits of recycling, giving priority to materials that have not 

previously been researched, such as biochar in Sweden (Astrup et al., 2022). 

• Economic constraints: recycling some forms of materials requires advanced 

equipment, which is currently costly, limiting the capacity to recycle these materials 

(Awoyera & Adesina, 2020). More investment in research and technology is needed to 

make recycled materials more predictable, sustainable, and cost-effective (Nyika & 

Dinka, 2022). Enacting laws and regulations to safeguard and promote recycled 

materials in building and construction applications would also help to develop green 

engineering (Nyika & Dinka, 2022). 

• Standards and regulations: currently, no standards support the use of recycled 

materials in construction applications (Fuentes et al., 2020). Despite substantial 

research on construction applications like the use of plastic waste materials in 

cementitious composites, these applications are still not commercially standardized 

(Awoyera & Adesina, 2020). 

• Moisture and form resistance: Certain recycled materials may be more susceptible to 

moisture and fungal growth when compared to conventional insulating materials. 

This might affect the insulating system's long-term effectiveness and durability 

(Cascone et al., 2019).  

From this view of the point—selecting the moisture properly and choosing moisture-resistant 

recycled materials—still has limitations (Fuentes et al., 2020). 
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7 CONCLUSION  

The purpose of the study was to evaluate the three recycled materials from two aspects: 

environmental assessment and economic assessment. To do that, the IDAICE software was 

used for the simulation. 

Biochar, strawbales, and plastic waste materials (EPS) have been evaluated in multi-family 

(ETC) buildings when they are used as external walls and compared with wood buildings. To 

achieve the degree project aim, the heating and cooling energy consumption, used energy, 

CO2 (thermo-environmental assessment), as well as material price and energy cost (thermo-

economic assessment), are calculated. 

This degree project answers the following questions: 
 

1.     How is the environmental aspect (energy performance) affected when using recycled 

materials as insulation materials in buildings? 
 

Recycled materials are a good alternative in buildings when used as insulation materials in 

external walls. In this regard, recycled materials help reduce the environmental impact of 

buildings by improving energy performance and lowering emissions. In this work, the 

building is designed according to a passive house stander with wood as insulation that has 

low thermal conductivity, and this option is assessed as acceptable and suitable for such 

areas. At the same time, there is the ability to increase the energy efficiency within the 

building and reduce the consumption value for heating and cooling by adding an insulating 

material of EPS (200 mm) panels. This layer was added to the external walls of the building. 

According to the results, the existence of this layer will decrease 2% of the heating and 

cooling consumption value during the year, but regarding CO2 emissions, it prevents the 

same value, and the used energy will be reduced by 3% per year. 

On the other hand, biochar will have the same impact on heating and cooling demand; the 

energy used will increase by 6% per year; and regarding CO2 emissions, it prevents the same 

value of emissions compared with wood. Case 3 (strawbales) has the greatest value and will 

lead to more heating and cooling demand by increasing demand by 2% per year. As well as 

the same emissions compared with wood, the energy used will increase by 3%. 

  

2.     How is the economic aspect (energy cost and material cost) affected when using recycled 

materials as insulating materials in buildings? 
 

The economic impact of these materials was studied in terms of energy costs and the price of 

materials. The energy cost was taken for some units, such as heating and cooling. The 

economic impact in terms of energy cost for wood is low (25,000 SEK). Case2 (Plastic) and 

Case1(biochar ) have the same cost, while Case3 (strawbale )has 13,000SEK more than the 

material price of wood. The price in Case2was the lower than the price of Case0 (wood). On 

the other hand, biochar is not found in Sweden, and there is no information regarding price 

as well. 

Case 3 is more economically expensive when compared to the wood currently used in 

construction, and the energy cost is higher than wood. The use of recycled materials in 
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building construction elements has proven successful, as it reduces the consumption of raw 

materials and has an important role in reducing the energy use of the building. 

3.     Which recycled materials (biochar, strawbales and plastic) have the greatest 

environmental and economic impact compared with wood? 
 

Adding recycled plastic panels to a wooden house has a greater environmental impact than 

wood alone because it will reduce total energy use by 3%, decrease the demand for cooling 

and heating by 2%, and reduce emissions by 2%. From an economic aspect, this solution is 

the most economical due to the energy cost being the same (wood) and the cost of raw 

materials being less than other materials, which can be neglected compared with wood. 

 

4.     What are the challenges we face when using these materials as insulation materials? 
 

The challenge facing us today about recycled building materials is the lack of research related 

to these materials and their efficiency; for instance, biochar, which is considered a good 

insulation material but is not used in Sweden, although these materials can be easily 

obtained. 

In general, recycled materials are a turning point in the construction industry towards 

achieving sustainable cities. 

8 FOR FURTHER WORK 

With fewer assumptions and more information about all the parameters to build our model 

to simulate, the simulation result is closer to the real values. 

On the other hand, the study was conducted on a building with 15 apartments, where each 

apartment was considered one zone for analysis. 

In the future, there may be more accuracy in the results if the apartment is divided into 

rooms and each room is considered one zone for analysis, but this takes longer. Only the 

presence of the building in one region in Sweden has been considered. 

It will be valuable if this is studied in another region to know the impact that can change with 

climate change and the stability of all other parameters in construction. 

It would be interesting if all the factors related to the construction stayed the same, with a 

study of the influence of the direction of the building and how it would affect it if it was done 

with the same materials. 

It would be interesting if the study was done in the future with values of biochar and more 

accurate information about the price and the possibility of using it in Sweden as an insulating 

material. We need more studies related to biochar, especially from softwood, because the 

extraction method is easy and can be a substitute for the wood currently used in insulation. 

Its porosity is high, and it can be mixed with cement to form a compound with low thermal 

conductivity. 
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