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Abstract: The contribution of embodied energy (EE) and greenhouse gas emissions to 

building materials and structures has been recognized as significant, especially for nearly-zero 

energy-efficient buildings. The aim of this paper is to evaluate the composition of  

non-transparent structures of building envelopes from energy and environmental perspectives 

using the life-cycle assessment method. The study assesses environmental indicators such 

as EE from non-renewable resources and CO2eq and SO2eq emissions from proposed assemblies 

of building structures for nearly-zero energy wooden houses. Material compositions are 

also calculated in terms of selected thermal-physical aspects (U-value, phase shift of thermal 

oscillation, relaxation time) to ensure the reduction of energy consumption during building 

operation. All results are compared using a multi-dimensional evaluation approach through 

mathematical methods. The multi-criteria decision analysis demonstrates that material 

optimization of building structures is possible to ensure a marked reduction of the energy 

consumption and carbon footprint of buildings. 

Keywords: wooden houses; building materials; construction; environmental impacts; 

thermal-physical parameters; multi-criteria decision analysis 
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1. Introduction 

Human beings, like other living creatures, depend on the conditions of the surrounding environment. 

Therefore, preserving the environment and minimizing negative environmental impacts is a matter of 

survival [1]. The interaction between society and the environment is a complex web of positive and 

negative feedback flows. By simplifying the relationship between the natural and social systems, we 

have, on one side, the flow of natural resources to the system and, on the other side, the flows of waste 

back to the environment. Damage to the environment depends on its ability to regenerate and capacity 

for assimilation [2]. Pollutants for which the environment has little or no absorptive capacity create 

interdependence between the present and the future; the intensity of damage imposed on the future 

depends on current actions. The present generation is creating a burden for future generations by using 

up depletable resources and producing pollutants [2,3]. 

The structure of final energy consumption in 2012 by sector shows that residential, road transport 

and industry accounted for the biggest shares, 26% each. The service sector accounted for 13%, transport 

for 6% and the other remaining sectors for 3%. Greenhouse gas emissions in the EU-28, stood at 

4678.8 million tonnes of CO2eq in 2012. This represents an overall reduction of 17.9% when compared 

with 1990, or some 1 017 million tonnes of CO2eq [4]. 

Buildings are one of the leading sectors for energy consumption and emission of greenhouse gas 

(GHG) production in developed countries. Buildings are responsible for 30%–40% of total primary 

energy consumption globally [5]. In European Union countries, buildings account for 40%–50% of total 

energy consumption and are responsible for more than one-third of final GHG emissions throughout 

their life-cycles. Residential buildings have a key role in the global construction sector; they account 

for 63% of total energy consumption and produce 77% of total CO2 emissions in the European 

building sector [6–8]. 

Analysis has revealed that the residential stock is the largest segment of the construction, with 75% 

of building stock floor space in the EU. A total of 64% of residential building floor area is associated 

with single-family houses and 36% with apartments. The amount of embodied energy (EE) of  

a residential building is estimated at 20%–40% of operational energy over its usable life. This differs 

depending on context due to the type of primary energy resources used, technological advancements, 

and the methods used for inventory analysis [7,8]. 

The proper choice of materials for the building envelope plays the important role and can have 

multiple effects on energy consumption and associated emissions over the different phases of  

a building’s life cycle. EE in building materials can account for 60% of total life-cycle energy 

consumption. This can be reduced by applying alternative infill materials, especially insulation in wall 

systems. The cumulative energy saved over a 50-year life cycle by this material substitution is around 

20% [9]. The identification of the building sector as one of the key consumers of energy led to the 

creation of rules targeted at improving the energy performance of buildings towards nearly-zero energy 

performance through the reduction of energy consumption during the occupation phase [10]. This energy 

consumption of a building is considered the energy used to maintain the occupants’ comfort inside the 

structure (operational energy for energy supply systems). When taking the entire building life-cycle 

perspective into consideration, the total used energy includes operational and EE [11]. The energy 

needed for operations can be reduced considerably by improving the insulation of the building 
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envelope and through technical solutions. For example phase change materials (PCMs) can be 

mentioned as suitable construction systems for energy efficient or passive houses. Study [12] dealing 

with them concluded that PCM passive latent heat thermal energy storage systems can contribute to 

increase indoor thermal comfort, improve buildings envelope performance and to increase systems 

efficiency, decrease the conditioning power needed, reduce energy consumption, take advantage of 

off-peak energy savings, take advantage of renewable sources like solar thermal energy, save money 

during the operational phase, and contribute for the reduction of CO2 emissions associated to heating 

and cooling. 

Environmental analysis of the life-cycle impacts of a single-family house demonstrated that exterior 

walls were by far the most significant construction component, with 35% of EE and 43% of CO2eq 

emissions associated with the construction phase [13]. The embodied environmental impacts such as 

EE are not considered in current requirements for new buildings. Embodied impacts of building 

materials and components achieve high values, especially in the case of extremely energy-efficient 

dwellings. The appropriate selection of building materials during the design process plays a significant 

role during the life cycle of a building and can affect the sustainability of the project [3]. For dwellings 

designed according to conventional energy standards, EE is equivalent to a few years of operational 

energy [14]. 

On one hand, nearly-zero energy buildings ensure the reduction of operational energy; on the other 

hand, additional energy is often required for the production of increased amounts of materials and 

other components, which results in a greater proportion of EE and emissions in the overall lifecycle [15]. 

High-energy-intensity components are often subject to a wide range of replacements [16].  

A comparative study of steel beams at the airport outside Oslo demonstrated that the total energy 

consumed for manufacturing the beams was two to three times higher, and the use of fossil fuels six to 

twelve times higher than for manufacturing of glulam beams [17]. The substitution of some building 

materials showed that EE can be decreased by approximately 17% [18]. 

The best chance for reduction of overall intensity of environmental loads is during the integrated 

design phase of building. The selection of materials has a significant impact on the total energy 

balance and the GHG emissions of buildings. The EE in building materials and the energy associated 

with construction and maintenance should be taken into account as they can account for a large share 

of life-cycle energy consumption [19]. An environmental assessment of three different structural 

materials for the same house (timber, concrete, and light steel framing) revealed that the timber 

solution achieved the best scores for all the evaluated environmental aspects. Timber buildings have  

a greater advantage in the low-energy processes required for the manufacture of materials compared to 

carbon storage when considering the entire lifecycle [20]. A study of GHG emissions of residential 

buildings in Sweden concluded that the timber solution decreases carbon emissions two to three times 

more than the concrete solution, considering that wood waste and logging residues are used to replace 

fossil fuels [21]. A case study from China of the environmental impacts throughout the building 

lifecycle demonstrated that energy consumption comprises 70%–80% of the total environmental impact 

during a 50-year building lifecycle. Of this amount, the operational phase accounts for 80%, the building 

material production phase accounts for 15%, and other phases account for the remaining 5% [22]. 

Increasing efforts to reduce operational energy consumption in buildings may result in more EE from 

building materials (mainly insulation materials). Consequently, the relative significance of material 
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selection (especially for the envelope of high-energy performance residential buildings) tends to  

rise [13,23]. The analysis of the life cycle of four reference dwellings in Belgium revealed that when 

energy consumption is reduced, EE increases. However, an increase of EE from 20 to 510 MJ/m3 leads 

to reduction in energy consumption from 5.5 to 26 GJ/m3 during 30 years of occupation depending on 

the dwelling and energy performance level. However, only extremely energy-efficient dwellings 

reached achieved a total EE value higher than the value of energy consumption during operation. 

Nevertheless, the sum of both EE and primary energy consumption remains much smaller for 

extremely low-energy dwellings than for average dwellings [24]. 

In addition to EE, the production of CO2eq emissions plays an important role in the total life cycle of 

nearly-zero energy buildings. The analysis of environmental impacts of the UK residential sector 

demonstrated that this sector produces 132 million tons of CO2eq per year; semi-detached houses 

contributed 40%, terraced houses contributed 37%, and detached houses contributed 27%. Over a 50-year 

period, the total GWP from the sector is nearly 6.6 billion tons of CO2eq [25]. However, some case 

studies of conventional buildings have demonstrated that operational energy is by far the most important 

contributor to their life-cycle impacts. In contrast, other cases have underlined that, especially for new 

low-energy buildings, the relative role and importance of life-cycle phases are changing [26]. 

According to one study [27] a reinforced concrete block masonry structure is a greener option than 

many traditional building structures, with CO2 reductions of 38–64 kg/m2 (6%–10%) and 112 kg/m2 

(18%) for concrete structure and brick-concrete structures, respectively, at the materialization stage.  

In addition, material preparation and daily use were found to be the main carbon sources, contributing 

14%–17% and 82%–86%, respectively. In another study [28], the CO2 equivalent emissions originating 

from building materials and products is between 2.4 to 3.1 times higher compared to CO2-equivalent 

emissions originating from building energy use during operation when the building facade was  

non-wooden and the service life was 50 years. A different study [29] that employed a hybrid life-cycle 

assessment (LCA) approach demonstrated that when the temporal allocation of emissions from the 

construction and use phases is taken into account, construction-phase emissions play a central role in 

finding effective GHG mitigation strategies—even when the emissions from all consumption activities 

during the use phase are included in the assessment. 

Construction of buildings has a significant impact on energy consumption. Study [30] provides  

a detailed examination of the energy and greenhouse gas emissions associated with the construction of 

structural building assemblies. This study states that the construction energy and greenhouse gas 

emissions vary considerably from one structural system to another and considerably between the major 

material categories. For both wood and steel structural assemblies, the construction energy is a lower 

proportion of the total embodied energy than typically assumed and concrete assemblies higher. 

However, for greenhouse gas emissions, the construction process for concrete assemblies represents  

a considerably larger proportion of the embodied figure. According to study [31] the energy 

consumption for construction is 8–10 GJ per m2 of floor area for multi-family steel reinforced concrete 

houses, 3 GJ for wooden single-family houses, 4.5 GJ for light-weight steel-structure single-family 

houses. Energy consumption due to construction of a wooden house is approximately 1/3 of that of  

a steel reinforced concrete multi-family house and 60% of that for a lightweight steel-structure  

single-family house. This study also emphasizes that in term of the construction, the wooden house has 

less impact on the global environment. 
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Another study [32] demonstrates the life cycle primary energy balance of the four residential 

building types (detached house, row house, townhouse and apartment block) based on valid building 

codes and common building services in Finland. The results of this study are: (i) there are clear 

differences between the housing types: The detached house is the highest energy consumer, the row 

house the second (about 20% less), the townhouse the third (about 30% less) and the apartment block 

the lowest (about 45% less); (ii) the differences appear evenly among the building life cycle stages; 

(iii) the influence of structural material selection is relatively minor compared to the differences in the 

housing types; (iv) in principle, the life cycle energy efficiency of a building increases as the number 

of stories and floor area increase. According to one study [33] the total embodied energy of building 

materials has been calculated to be equal to 780.1 GJ for the A1 alternative and 698.4 GJ for the A2 

alternative (both are masonry houses). The average values of the building materials environmental 

parameters per floor area were calculated as 4.2 × 103 MJ/m2 for embodied energy, 202.5 kg CO2eq/m2 

for embodied CO2 emissions, and 1.36 kg SO2eq/m2 for embodied SO2 emissions. The average values 

of the building materials environmental parameters per 1 kg of used materials were calculated as  

2.19 MJ/kg for embodied energy, 0.105 kg CO2eq/kg for embodied CO2 emissions, and 0.71 × 10−3 kg 

SO2eq/kg for embodied SO2 emissions. 

Low energy design of urban environment and buildings in densely populated areas requires 

consideration of a wide range of factors, including urban setting, transport planning, energy system 

design, and architectural and engineering details [34]. 

The aim of the present study is to analyze implementation of sustainable principles in the  

material-selection, decision-making process. The analysis investigates the role of different building 

materials in the composition of non-transparent structures of building envelopes in terms of the EE and 

equivalent emissions of CO2 and SO2. Proposed material compositions are designed to be meet the 

recommended heat transfer coefficient value of U = 0.15 W/m2·K for nearly-zero-energy wooden 

houses. Environmental performance of material solutions is calculated by using the LCA assessment 

method within “cradle to gate” boundaries. The main contribution of the study is underlining that 

natural materials have a significant part in the reduction of environmental impacts. 

2. Methods of Research 

The flowchart of the research work (Figure 1) introduces the sustainability assessment approach 

applied to achieve the research objectives. Step 1 indicates the research object, goal, main criteria,  

and sub-criteria. The research object is non-transparent structures of the building envelope of  

nearly-zero-energy wooden houses. The focus is on energy and the environmental impacts of building 

structures. Step 2 is the proposal of alternatives. There are 60 proposed alternatives for external wall 

assemblies, 51 alternatives for above-the-ground floor structures, 10 alternatives for on-the-ground floor 

structures, and 55 alternatives for roof structures for evaluation by MCDA. Step 3 is the prioritization 

of the criteria/sub-criteria, using pair-wise comparison with Saaty’s evaluation scale. Decision-making 

software based on Analytic Hierarchy Process is used. Step 4 is intent on evaluation and ranking of 

alternatives of nontransparent structures of building envelope. Finally the best alternatives of building 

structures were identified and recommended for nearly-zero-energy wooden houses. 
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Figure 1. Flowchart of research. 

2.1. Thermo-Physical Parameters 

All material compositions of the non-transparent structure of building envelopes were designed to 

meet a range of values, including heat transfer coefficient U = 0.10 − 0.15 W/m2·K and recommended 

minimum surface temperature of 16 °C, and to prevent condensation of water vapor inside structures. 

The subtask was to design material compositions consisting mainly of renewable, natural resources. 

The material solutions were designed for nearly-zero-energy houses in Slovakia, which were 

calculated for climatic conditions according to STN EN 730540:2012 [35]: θe = −15 °C; θi = 20 °C; 

Rhe = 84%; Rhi = 50%. For the purpose of reduction of future operational energy demand and 

associated emissions production, the alternative building structure scenarios were compared through 

selected thermal-physical parameters such as: U; Ψe; C; ψ; τ and θsi. 

Most of the aspects were calculated using Svoboda-Area 2009 software according to STN EN 

730540:2012. The mathematical calculation of the relaxation time is explained by Equation (1), which 

depends on the order of material layers. It assigns the ability of the structure to stabilize the inertial 

temperature during stationary cooling (after turning the heating off) [36]:  
2

1 1

( )
2

n n
ji i i

i j ii i j

dd d

a a  

 
  

   
(1)

where: d—thickness (m); λ—thermal conductivity coefficient (W/(m·K)); a—thermal diffusivity (m2/s). 
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2.2. Life-Cycle Assessment 

Environmental performance of material solutions is calculated by using the LCA assessment 

method within “cradle to gate” boundaries according to the recommendations of EN 15804:2012 [37]. 

LCA is a standardized tool used to assess and report relevant environmental impacts of a product’s life 

cycle. The LCA framework is interpreted in ISO series 14040-44 [38]. The analysis investigated the 

role of different building material compositions in terms of EE from non-renewable resources and 

emissions of CO2 and SO2 in nearly-zero-energy wooden houses. EE is the energy utilized during the 

manufacturing phase of the building materials and represents the energy used to acquire raw materials 

(excavation), manufacture, and transport. Similarly, emissions of CO2 (ECO2, global warming potential 

(GWP)) and SO2 (ESO2, acidification potential (AP)) represent the equivalent emissions within  

the LCA “cradle to gate” boundaries and, for plant materials, takes into account CO2 absorbed during 

the growth stage. The carbon stock is taken into account in the calculation of CO2 emissions. Input 

data for environmental indicators were extracted from the IBO Ecological Construction Component 

Catalog of the Austrian LCA database [39]. In this study, the environmental indicator ΔOI3 is also 

calculated. The ΔOI3 indicator for a particular building material layer indicates by how many OI3 

points that layer of building materials raises the OI3CON of a structure. In other words, if we eliminate 

one layer from a structure, the OI3CON of the structure will decrease by ΔOI3 points [40]. 

2.3. Multi-Criteria Decision Analysis 

Assessing many (often conflicting) criteria can help to select the optimal alternative for a given 

building design. The results for particular alternative scenarios are calculated using multi-criteria 

decision analysis (MCDA). The MCDA method is now widely accepted and popular as a non-monetary 

assessment method to aid decision-making when dealing with environmental issues in building 

projects [41]. The MCDA process helps to bridge several fields of expertise simultaneously and brings 

the possibility of weighting the different criteria in respect to a specific design and building context. 

Weights of evaluated criteria are calculated by means of Saaty’s method by considering the relative 

level of significance and size of differences in values of criteria for particular alternatives [41,42].  

All investigated structures met requirements for highly energy-efficient buildings in terms of U-value 

and surface temperature and thus these criteria were not taken into account during MCDA. The MCDA 

total score is calculated using a variety of assessment methods: The method weighted sum approach 

(WSA), ideal point analysis (IPA), technique for order preference by similarity to ideal solution 

(TOPSIS), and concordance discordance analysis (CDA). The best resultant WSA and TOPSIS scores 

are those closest to 1, and the best IPA score is closest to 0. The best CDA score is the lowest number. 
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3. Material Compositions 

3.1. External Walls 

Proposed material compositions are designed to be meet the recommended heat transfer coefficient 

value of U = 0.15 W/m2·K for nearly-zero buildings Table 1 describes the bearing system and thermal 

insulation types for all evaluated external wall assemblies. 

Table 1. Description of external wall assemblies. 

Bearing  
system 

Thermal insulation * (Thickness), Additional thermal insulation 

MTS 

1. hemp (180 mm), hemp with PE (50 mm), 
FB 210 (100 mm) 

2. flax (180 mm), flax with PE (80 mm),  
FB 270 (50 mm) 

3. fleece (320 mm) 
4. FB 160 (160 mm), FB 210 (100 mm) 
5. hemp with PE (280 mm), rock wool  

(50 mm) 

6. flax (280 mm), FB 50 (50 mm) 
7. straw 70 (280 mm), hemp with PE (80 mm)
8. cellulosic fiber wood 180 mm),  

FB 50 (60 mm), FB 210 (60 mm) 
9. fleece (240 mm), fleece (80 mm) 
10. cellulosic fiber wood (140 mm) + FB 160  

(140 mm), blown cellulose (60 mm) 

I-profile 

11. flax (240 mm), flax with PE (60 mm) 
12. I-profile, flax (240 mm),  

flax with PE (60 mm) 
13. straw 70 (400 mm), fleece (50 mm) 
14. cellulose (300 mm), fleece (50 mm) 
15. straw 90 (400 mm) 

16. cork insulation (240 mm), FB 50 (60 mm) 
17. hemp (240 mm), hemp with PE (40 mm),  

FB 210 (50 mm) 
18. flax (300 mm), fleece (40 mm) 
19. cellulosic fiber wood (300 mm),  

hemp with PE (50 mm) 
20. fleece (300 mm) 

CLT 

21. FB 160 (240 mm), FB 50 (50 mm) 
22. cellulosic fiber wood 240 mm), hemp  

with PE (60 mm) 
23. hemp (240 mm), FB 210 (40 mm) 
24. FB (240 mm), fleece (50 mm) 
25. FB (240 mm), fleece (50 mm) 

26. hemp (240 mm), hemp with PE (60 mm) 
27. cellulosic fiber wood (200 mm),  

blown cellulose (60 mm), FB 270 (35 mm)
28. flax (200 mm), FB 50 (80 mm) 
29. cork insulation (240 mm) 
30. straw 90 (360 mm), FB 270 (35 mm) 

wooden  
board 

31. blown cellulose (200 mm) 
32. FB 210 (160 mm) 
33. hemp (240 mm), hemp with PE (60 mm)
34. flax (140 mm), flax with PE (50 mm) 
35. straw 90 (300 mm) 
36. FB 160 (120 mm), fleece (60 mm) 

37. cork insulation (200 mm),  
hemp with PE (50 mm) 

38. cellulosic fiber wood 140 mm),  
rock wool (50 mm), FB 270 (22 mm) 

39. straw 70 (240 mm), cellulose (50 mm) 
40. fleece (240 mm), FB 270 (22 mm) 
41. straw 90 (300 mm) 

box  
profile 

42. FB 50 (300 mm), FB 50 (50 mm),  
FB 210 (40 mm) 

43. straw 70 (400 mm) 
44. cellulose (300 mm), rock wool (50 mm) 
45. hemp (360 mm) 
46. FB 160 (300 mm), fleece (50 mm) 

47. flax (300 mm), flax with PE (60 mm) 
48. cellulosic fiber wood (300 mm),  

FB 210 (40 mm) 
49. blown cellulose (360 mm) 
50. hemp (300 mm), FB 50 (50 mm),  

FB 270 (35 mm) 
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Table 1. Cont. 

Bearing  
system 

Thermal insulation * (Thickness), Additional thermal insulation 

framework 

51. hemp (280 mm), hemp with PE (60 mm)
52. cellulose fiber wood (240 mm),  

FB 50 (60 mm) 
53. FB 50 (200 mm), fleece (80 mm),  

FB 210 (40 mm) 

54. straw 90 (350 mm) 
55. fleece (300 mm) 

log house 
56. FB 50 (240 mm), FB 250 (20 mm) 
57. flax (220 mm), FB 210 (60 mm) 
58. fleece (240 mm), FB 270 (22 mm) 

59. straw 90 (360 mm) 
60. cork insulation (240 mm) 

* The numbers after the thermal insulation name represents the volume by weight (kg/m3). 

3.2. Floor Constructions 

Due to the application of large amounts of plant materials, above-the-ground floor constructions were 

designed (51 alternatives) to meet the recommended heat transfer coefficient value of U = 0.10 W/m2·K 

for nearly-zero buildings. In wooden houses, these constructions are also applied for on-the-ground 

floors and thus 10 alternative compositions that meet U = 0.15 W/m2·K were designed. Table 2 briefly 

describes the material compositions of above-the-ground floors. 

Table 2. Description of above-the-ground floor construction assemblies. 

Bearing  
system 

Thermal insulation * (Thickness), Additional thermal insulation 

MTS 

1. cellulosic fiber wood (320 mm),  
FB 160 (100 mm) 

2. fiberboard 50 (400 mm) 
3. hemp with PE (360 mm),  

FB 160 (80 mm) 
4. fleece (380 mm), FB 230 (60 mm) 
5. hemp with PE (400 mm),  

FB 160 (40 mm) 

6. flax with PE (400 mm), FB 160 (40 mm)
7. straw 70 (280 mm),  

cellulosic fiber wood (200 mm) 
8. FB 50 (400 mm) 
9. cork insulation (400 mm),  

FB 160 (20 mm) 
10. cellulosic fiber wood (360 mm),  

FB 230 (80 mm) 

I-profile 

11. flax with PE (400 mm) 
12. hemp with PE (360 mm), hemp (60 mm)
13. FB 50 (360 mm), FB 230 (80 mm) 
14. straw 90 (400 mm), FB 160 (50 mm) 
15. cellulosic fiber wood (360 mm),  

cellulosic fiber wood (50 mm) 

16. blown cellulose (400 mm) 
17. straw ρ = 70 kg/m3 (400 mm),  

FB,160 kg/m3 (60 mm) 
18. fleece (400 mm) 
19. cork insulation (400 mm) 
20. hemp with PE (400 mm) 

box  
profile 

21. hemp with PE (400 mm),  
FB 160 kg/m3 (40 mm) 

22. fleece (400 mm) 
23. blown cellulose (400 mm),  

FB 160 kg/m3 (40 mm) 
24. hemp with PE (400 mm),  

FB 160 kg/m3 (20 mm) 
25. flax with PE (400 mm) 

26. cellulosic fiber wood (360 mm),  
FB 160 (40 mm) 

27. cork insulation (400 mm),  
FB 160 (20 mm) 

28. straw 70 (400 mm),  
hemp with PE (80 mm) 

29. FB 50 (400 mm) 
30. straw 90 (500 mm) 
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Table 2. Cont. 

CLT 

31. FB 50 (280 mm),  
cellulosic fiber wood (100 mm) 

32. hemp with PE (280 mm),  
hemp with PE (120 mm) 

33. blown cellulose (286 mm),  
FB160 (120 mm) 

34. FB 50 (360 mm) 
35. flax with PE (280 mm),  

flax with PE (120 mm) 

36. cellulosic fiber wood (360 mm) 
37. cork insulation (360 mm) 
38. blown cellulose (280 mm),  

cellulosic fiber wood (100 mm) 
39. straw 90 (400 mm) 
40. fleece (280 mm), FB 50 (100 mm) 

wooden  
board 

41. blown cellulose (280 mm),  
FB 230 (100 mm) 

42. FB 50 (400 mm) 
43. hemp (300 mm), hemp with PE (50 mm) 
44. cork insulation (240 mm),  

FB160 (50 mm) 
45. fleece (360 mm) 
46. straw 90 (400 mm) 

47. FB 50 (240 mm),  
cellulosic fiber wood (100 mm) 

48. straw 70 (360 mm),  
flax with PE (60 mm) 

49. blown cellulose (300 mm),  
FB 160 (20 mm) 

50. flax with PE (280 mm),  
FB 160 (40 mm) 

51. fleece (300 mm) 

* The number after the thermal insulation name represents the bulk density (kg/m3). 

There are 10 proposed compositions of on-the-ground floor structures with a value of U = 0.15 W/m2·K. 

Table 3 describes the evaluated on-the-ground floor structure assemblies. 

Table 3. Description of on-the-ground floor construction assemblies. 

Bearing  
system 

Thermal insulation * (Thickness), Additional thermal insulation 

reinforced  
board 

52. EPS 30 (250 mm)  

concrete  
board 

53. XPS-plastic-foam-filled with CO2 (200 mm), 
FB 230 (60 mm) 

54. EPS with graphite 35 (250 mm) 

55. foam glass compressed (500 mm)
56. foam glass compressed (400 mm), 

FB 160 (50 mm) 

reinforced  
board 

57. foam glass compressed (250 mm),  
FB 230 (100 mm) 

58. foam glass compressed (350 mm), 
FB 160 (80 mm) 

concrete  
board 

59. foam glass compressed (350 mm),  
FB 160 (80 mm) 

60. foam glass compressed (250 mm), 
FB (100mm) + FB 160 (40 mm) 

concrete 61. XPS-plastic-foam-filled with CO2 (250 mm)  

* The number after the thermal insulation name represents the bulk density (kg/m3). 

3.3. Roof Constructions 

All material compositions of roof constructions were designed to meet the requirements for heat 

transfer coefficient U = 0.10 W/m2·K and contain mainly renewable natural materials. Table 4 

describes the bearing system and thermal insulation type for all evaluated roof structure assemblies. 
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Table 4. Description of roof constructions. 

Bearing  
system 

Thermal insulation * (Thickness), Additional thermal insulation 

MTS 

1. FB 50 (260 mm), FB 50 (100 mm),  
FB 160 (60 mm)+ FB 270 (35 mm) 

2. hemp (220 mm) + FB 50 (140 mm),  
hemp with PE (80 mm), FB 250 (60 mm) 

3. flax (380 mm), FB 50 (50 mm) 
4. cellulose fiber wood (380 mm),  

fleece (60 mm) 

5. cellulose (260 mm), rock wool (80 mm), 
FB 160 (100 mm) 

6. fleece (340 mm), hemp with PE  
(100 mm), FB 270 (50 mm) 

7. cellulose fiber wood (280 mm), blown 
cellulose (140 mm), FB 270 (50 mm) 

8. straw 70 (280 mm), fleece (100 mm),  
FB 160 (120 mm) 

Glulam 
9. cellulose fiber wood (280 mm),  

FB 50 (140 mm), FB 270 (35 mm) 
10. hemp (260 mm), hemp (160 mm) 

11. flax (200 mm), fleece (80 mm),  
flax (140 mm) 

12. FB 50 (280 mm), FB 50 (100 mm),  
FB 270 (50 mm) 

I-profile 

13. flax (360 mm), FB50 (60 mm) 
14. FB 50 (360 mm), FB 50 (60 mm),  

FB 270 (35 mm) 
15. cellulose fiber wood (360 mm),  

hemp with PE (80 mm) 
16. flax (400 mm) 
17. cork insulation (400 mm), FB 270 (35 mm) 

18. hemp with PE (360 mm),  
hemp with PE (60 mm) 

19. straw 70 (400 mm), flax with PE  
(80 mm), FB 270 (50 mm) 

20. blown cellulose (360 mm),  
cellulose fiber wood (60 mm) 

21. fleece (400 mm) 

box  
profile 

22. FB 160 (360 mm),  
hemp with PE (100 mm) 

23. FB 50 (360 mm), rock wool (80 mm),  
FB 270 (22 mm) 

24. flax (360 mm), flax with PE (80 mm) 
25. cellulose fiber wood (360 mm),  

fleece (80 mm) 
26. hemp (360 mm), hemp with PE (800 mm),  

FB 270 (35 mm) 

27. cork insulation (400 mm) 
28. straw 70 (450 mm), FB50 (80 mm) 
29. fleece (400 mm), FB 270 (35 mm) 
30. blown cellulose (360 mm),  

fleece (80 mm) 
31. blown cellulose (450 mm) 
32. straw 90 (450 mm), fleece (50 mm) 
33. cork insulation (450 mm) 

CLT  
panel 

34. flax (280 mm), flax with PE (100 mm),  
FB 270 (50 mm) 

35. cellulose fiber wood (280 mm),  
fleece (100 mm), FB 270 (50 mm) 

36. FB 50 (280 mm), FB 50 (100 mm),  
FB 270 (50 mm) 

37. blown cellulose (286 mm), FB 50 (140 mm) 
38. fleece (280 mm), fleece (100 mm),  

FB 270 (50 mm) 

39. straw 70 (400 mm),  
hemp with PE (80 mm) 

40. cork insulation (400 mm) 
41. hemp with PE (280 mm), hemp with 

PE (100 mm), FB 270 (50 mm) 
42. blown cellulose (400 mm) 
43. hemp with PE (400 mm),  

FB 270 (50 mm) 
44. FB 50 (380 mm), FB 50 (80 mm),  

FB 270 (50 mm) 
45. flax with PE (400 mm) 

wooden  
board 

46. cork insulation (360 mm) 
47. blown cellulose (300 mm), FB 50 (60 mm) 
48. cellulose fiber wood (240 mm),  

rock wool (80 mm), 250 (40 mm) 
49. straw 90 (400 mm) 
50. hemp (300 mm), hemp with PE (50 mm) 
51. FB 50 (300 mm), FB 270 (50 mm) 

52. blown cellulose (360 mm) 
53. fleece (280 mm), fleece (80 mm) 
54. flax (240 mm), flax with PE (80 mm), 

FB 270 (35 mm) 
55. cellulose fiber wood (300 mm),  

FB 210 (40 mm) 

* The number after the thermal insulation name represents the volume by weight (kg/m3). 
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4. Results and Discussion 

The described methods were used to determine environmental and thermal-physical parameters for 

alternative structure designs for building envelopes that are suitable for nearly-zero-energy wooden 

houses. The alternatives were ranked by calculating the significant weights of evaluated parameters. 

The results are presented in Table 5. 

Table 5. Final relative significance weighting of determined indicators. 

Indicator Weights (%)

EE 17.98 
ECO2 17.98 
ESO2 8.99 

m 3.27 
τ 25.89 
ψ 25.89 

4.1. External Walls 

Figure 2 illustrates the differences in values of mass per unit area, phase shift of thermal oscillation, 

and relaxation time for external wall designs. 

 

Figure 2. Mass per unit area, phase shift of thermal oscillation, and relaxation time of 

external walls. 

Figure 3 shows that all the designed external wall compositions reached a negative overall balance 

of CO2eq emissions. The reasons for this are the amount of plant materials and consideration of LCA 

system boundaries. Alternative 20 reached the lowest EE value. This composition consists of gypsum 

board, OSB board, fleece between I-beams, and wood paneling. This external wall composition 

reached the second lowest SO2eq emissions value. In terms of this indicator, Alternative 3, designed 

from gypsum board, vapor barrier, fleece between MTS profiles, and DHF boards, achieved the best 

results and as the second lowest energy efficiency value. The disadvantage is that these compositions 

show lower values of phase shift of thermal oscillation and relaxation time. Alternative 32, designed 

from massive wood and fiberboard insulation panels (210 kg/m3), reached maximum surface heat 

capacity and phase shift thermal oscillations values. Alternative 41, which consisted of clay plaster,  
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a massive wood panel, straw bales between I-profiles, DHF board, and wood paneling, had the best 

results for relaxation time and CO2eq emissions. In terms of environmental indicator results of OI3CON, 

none of the compositions had minimum values. However, it should be noted that some compositions 

achieved very low levels of the evaluated indicators and can be considered environmentally optimized 

compositions (below 15 points). Alternatives 13, 15, 16, 59 and 60 reached zero values for the OI3CON 

indicators. The main insulation materials for these alternatives are straw, fleece, and granulated cork. 

The results presented in Figure 3 show that Alternative 21, designed from gypsum board, fiber 

insulation at a volume of 50 kg/m3, CLT panels, fiber insulation at a volume of 160 kg/m3, and 

external plaster was the worst option, especially in terms of EE and SO2eq emissions. All material 

compositions were compared using MCDA. According to this assessment, Alternative 41 (Table 6) is 

the most environmentally suitable. This alternative was also determined as the best overall by an 

evaluation that took into account the environmental and thermal-physical parameters (Table 7). Table 7 

presents the results for best alternatives, which are external wall compositions designed from massive 

wood panels with straw, fleece, and fiberboard insulation. 

Figure 3. Environmental indicators of material compositions of external walls. 

Table 6. Final MCDA scores for environmental evaluation of external walls. 

MCDA 1. 2. 3. 4. 5. 

WSA 41 (0.888) 35 (0.878) 39 (0.836) 59 (0.829) 15 (0.762) 
TOPSIS 41 (0.894) 35 (0.886) 39 (0.859) 34 (0.766) 59 (0.748) 

IPA 41 (0.112) 35 (0.122) 39 (0.164) 59 (0.171) 15 (0.238) 
CDA 35 (7.481) 41 (8.451) 59 (9.710) 15 (13.677) 39 (14.006) 
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Table 7. Final MCDA scores for overall evaluation of external walls. 

MCDA 1. 2. 3. 4. 5. 

WSA 41 (0.879) 35 (0.808) 39 (0.789) 36 (0.728) 32 (0,706) 
TOPSIS 41 (0.889) 35 (0.815) 39 (0.805) 36 (0.751) 38 (0.744) 

IPA 41 (0.121) 35 (0.192) 39 (0.211) 36 (0.272) 32 (0.294) 
CDA 35 (9.104) 41 (9.463) 39 (12.161) 59 (15.072) 40 (16.675) 

Figures 4 and 5 illustrate the percentage share and the impact of materials on environmental indicators 

for the best alternative number 41. 
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Figure 4. External walls: Materials share by percentage and impact on environmental indicators. 
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Figure 5. External wall: Impact of materials on environmental indicators. 

4.2. Floor Constructions 

Figure 6 illustrates the differences in values of mass per unit area, phase shift of thermal oscillation, 

and relaxation time determined for above-the-ground floor designs. 
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Figure 6. Mass per unit area, phase shift of thermal oscillation, and relaxation time of 

above-the-ground floor structures. 

Figure 7 reveals that all alternatives achieved a negative overall balance of CO2eq emissions.  

The reasons for this are the amount of natural plant materials and consideration of LCA “cradle to 

gate” system boundaries, which consider absorption of emissions as plants are growing. Excessive 

elimination of CO2eq emissions was found in compositions containing of straw insulation, massive 

wooden panels, and cork insulation. Alternative 18, designed from cork board, OSB boards, fleece 

thermal insulation between I-profiles, and diffusion fiberboard (DHF), was the best in terms of EE, 

SO2eq emissions, and OI3CON environmental indicators (Figure 7) and mass per unit area (Figure 6), but this 

alternative was one of the worst in terms of total surface heat capacity and relaxation time values. For 

these two criteria, Alternative 46 was found to be the most effective and achieved the best results for 

ability to eliminate CO2eq emissions. This alternative consists of cork board, cob brick, OSB boards, 

thermal insulation of straw bales inserted between I-beams, and a massive wood panel (wood  

cross-jointed by oak pins). For above-the-ground floor compositions, Alternative 26, which consisted 

of laminate flooring, insulating belt, self-leveling screed, screed floor cover, PE foil, fiberboard of  

160 kg/m3, OSB boards, cellulose-fiberboard insulation, diffusion foil, and DHF boards, had the most 

unfavorable EE and environmental indicators values. The effect of increasing stored energy was found 

mainly in concrete and laminate flooring. Alternative 36, composed of laminate flooring, self-leveling 

screed floor cover, PE foil, OSB boards, cellulose-fiberboard insulation between KVH profiles, and CLT 

panels, had a high of stored energy value. The MCDA method was used for the final decision about the 

best floor structure alternative. Results for the five best alternatives are presented in Tables 8 and 9. 

On the basis of the results presented in Tables 8 and 9, it can be stated that the most appropriate 

above-the-ground floor structure material assembly is Alternative 46 for both assessments  

(i.e., environmental evaluation and evaluation from environmental and thermal-physical parameters). 

Ultimately, based on the total MCDA score, massive wood panels, cob brick, and thermal insulation 

from straw were determined to be very effective materials. Straw is a renewable agricultural waste 

material that consumes minimum energy during its treatment. 
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Figure 7. Environmental indicators of material compositions of above-the-ground  

floor constructions. 

Table 8. Final MCDA scores for environmental evaluation of above-the-ground floor structures. 

MCDA 1. 2. 3. 4. 5. 

WSA 46 (0.895) 48 (0.850) 51 (0.834) 18 (0.765) 14 (0.765) 
TOPSIS 46 (0.874) 48 (0.844) 51 (0.819) 30 (0.760) 28 (0.765) 

IPA 46 (0.105) 48. (0.150) 51 (0.166) 18 (0.235) 14 (0.235) 
CDA 46. (2.908) 51 (5.017) 48 (6.809) 14 (10.560) 30 (12.855) 

Table 9. Final MCDA scores for overall evaluation of above-the-ground floor structures. 

MCDA 1. 2. 3. 4. 5. 

WSA 46 (0.857) 48 (0.785) 51(0.747) 30 (0.655) 14 (0.636) 
TOPSIS 46 (0.861) 48 (0.808) 51 (0.711) 30. (0.661) 44 (0.661) 

IPA 46 (0.143) 48 (0.215) 51 (0.253) 30 (0.345) 14 (0.364) 
CDA 46 (2.707) 51 (5.452) 48 (6.704) 14 (11.754) 30 (12.968) 

Figure 8 illustrates the differences in values of mass per unit area and relaxation time determined 

for on-the-ground floor. 
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Figure 8. Mass per unit area and phase shift of thermal oscillation of on-the-ground  

floor structures. 

Figure 9 shows that on-the-ground floor structures achieve poorer environmental performance compared 

to above-the-ground floor structures. Environmental performance could be improved, for example, by 

applying of large quantities of recycled materials, using construction waste or geopolymer concrete, 

which is made of recycled scrap, to reinforce the steel, or replacing it with special types of plant fibers. 

However, input data of environmental indicators for such solutions do not yet exist. Alternative 55, 

composed of wood flooring, cork insulation roll, concrete slab with a wire net, waterproofing and 

geotextiles, compressed foam glass (recycled, 98% waste glass), and separation geotextiles, achieved 

the best results in terms of EE, SO2eq emissions, and OI3CON environmental indicators. Alternative 60, 

a floor structure composed of wood floor, fiber insulation with volume density of 160 kg/m3 between 

slats, OSB board, fiber insulation of 230 kg/m3, insurance waterproofing, concrete slab with wire net, 

waterproofing and geotextiles, compressed foam glass, and separation geotextiles, achieved the smallest 

CO2eq emissions value, particularly due to the application of fiber insulation. Compared to above-the-ground 

floors, on-the-ground floors have benefits associated with the positive impact of soil, which is reflected 

in lower requirements for U-values and higher skills accumulation, which has an impact the concrete 

slab respectively reinforced concrete slab. 

Figure 9. Cont. 
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Figure 9. Environmental indicators of material compositions of on-the-ground floor structures. 

Based on MCDA, we established the two best on-the-ground floor designs in terms of environmental 

evaluation and overall evaluation (i.e., evaluation from environmental and thermal-physical parameters) 

(Table 10). Based on the environmental aspects, the best solution is Alternative 55 (for three methods) 

and 60 (according to TOPSIS). In both assemblies, foam glass insulation is used, and in Alternative 60, 

fiber insulation is also used. From a comprehensive analysis, Alternative 60 was proven the best 

solution for use in wooden houses. 

Table 10. Final MCDA scores for on-the-ground floors. 

 Environmental evaluation  Overall evaluation 

MCDA 1. 2. MCDA 1. 2. 

WSA 55 (0.729) 60 (0.721) WSA 60 (0.707) 52 (0.522) 
TOPSIS 60 (0.728) 55 (0.604) TOPSIS 60 (0.728) 55 (0.603) 

IPA 55 (0.271) 60 (0.279) IPA 60 (0.293) 52 (0.478) 
CDA 55 (1.856) 60 (2.077) CDA 60 (3.036) 61 (4.816) 

All proposed of floor structure alternatives (on-the-ground and above-the-ground) were evaluated 

using MCDA. In terms of environmental aspects (Table 11), Alternative 46 can be clearly confirmed as 

the most suitable as well as the most suitable for above-the-ground floors only. From the comprehensive 

analysis (Table 12), there were ambiguous results for all MCDA methods because of the large differences 

in the surface heat capacity values for on-the-ground and above-the-ground floors. 

Table 11. Final MCDA scores for environmental evaluation of all floor structure alternatives. 

MCDA 1. 2. 3. 4. 5. 

WSA 46 (0.895) 48 (0.850) 51 (0.834) 18 (0.765) 14 (0.765) 
TOPSIS 46 (0.874) 48 (0.844) 51 (0.819) 30 (0.760) 28 (0.765) 

IPA 46 (0.105) 48 (0.150) 51 (0.166) 18 (0.235) 14 (0.235) 
CDA 46 (2.908) 51 (5.017) 48 (6.809) 14 (10.560) 30 (12.855) 
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Table 12. Final MCDA scores for overall evaluation of all floor structure alternatives. 

MCDA 1. 2. 3. 4. 5. 

WSA 55 (0.584) 46 (0.556) 60 (0.555) 48 (0.527) 58 (0.516) 
TOPSIS 60 (0.704) 58 (0.680) 55 (0.680) 52 (0.674) 61 (0.670) 

IPA 55 (0.416) 46 (0.444) 60 (0.445) 48 (0.473) 58 (0.480) 
CDA 46 (17.174) 48 (19.631) 51 (22.071) 44 (26.109) 42 (28.335) 

As seen in Table 12, the results according to the TOPSIS method vary the most. In this method only, 

the Euclidean distance as applied for calculating the distance from the basal to ideal alternatives, which 

impacted the intensification of the impact from high levels of surface heat capacity for on-the-ground 

floors. The results of this method were not taken into account, and, according to other methods, it can 

be stated that highly effective solutions are Alternative 55 (on-the-ground floor) and Alternative 46 

(above-the-ground floor). Figures 10 and 11 illustrate the shares by percentage and the impact of 

materials on environmental indicators for Alternative 46. 
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Figure 10. Floor structures: Materials share by percentage and impact on environmental indicators. 
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Figure 11. Floor structures: Impact of materials on environmental indicators. 

4.3. Roof Constructions 

Figure 12 illustrates the differences in the mass per unit area, phase shift of thermal oscillation, and 

relaxation time values determined for the designed roof structures. 
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Figure 12. Mass per unit area, phase shift of thermal oscillation, and relaxation time of 

roof structures. 

Based on Figure 13, it can be stated that all alternatives achieved a negative balance of CO2eq emissions, 

particularly alternatives from massive wood timber. In addition, in this case, the compositions with 

massive wood panels were determined to be effective solutions from their effects on thermal stability. 

Alternative 21, which consisted of gypsum board, vapor barrier, wool between I-profiles, DHF board, 

and roofing in the form of wooden shingles, achieved minimum primary energy and SO2eq emissions 

values. Alternative 35, which consisted of plasterboard, wool, CLT panels, cellulose-fiberboard insulation 

between KVH profiles and fiber insulation board, achieved the highest values of both of the above 

indicators because of the use of titanium-zinc sheet. Alternative 49, which has an extensive green roof 

and consisted of clay plaster, a massive wood panel, straw bales between I-profiles, DHF boards, 

wooden formwork, waterproofing, a drainage layer, and substrate, presented the minimum CO2eq 

emissions value. Conversely, Alternative 14 had the maximum CO2eq value because of an aluminum 

vapor barrier and aluminum sheet covering. After evaluating all alternative roof structure compositions by 

MCA7, the five best material compositions were determined. These are presented in Tables 13 and 14. 

Alternative 49 was determined to be the best material composition for both assessments  

(i.e., environmental evaluation and evaluation based on environmental and thermal-physical 

parameters). Figures 14 and 15 illustrate the shares by percentage and the impact of materials on 

environmental indicators for Alternative 49. 

Figure 13. Cont.
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Figure 13. Environmental indicators of material compositions of roof structures. 

The main target of this study [43] was to benefit designers and building engineers in their pursuit of 

finding optimal and competent solutions suitable for specific local microclimates using traditional 

methods in the design process that are sustainable and ecological. According to this study, the choice 

of building materials takes a high priority in the building process. Clay, straw, reeds, and brick were 

the most frequently applied building materials. 

Table 13. Final MCDA scores for environmental evaluation of roof structures. 

MCDA 1. 2. 3. 4. 5. 

WSA 49 (0.931) 53 (0.803) 46 (0.779) 32 (0.750) 19 (0.707) 
TOPSIS 49 (0.948) 53 (0.730) 46 (0.721) 55 (0.699) 50 (0.679) 

IPA 49 (0.070) 53 (0.197) 46 (0.221) 32 (0.250) 19 (0.293) 
CDA 49 (3.252) 53 (5.427) 46 (8.344) 32 (10.310) 19 (10.898) 

Table 14. Final MCDA scores for overall evaluation of roof structures. 

MCDA 1. 2. 3. 4. 5. 

WSA 49 (0.936) 55 (0.750) 46 (0.743) 47 (0.723) 53 (0.719) 
TOPSIS 49 (0.935) 55 (0.757) 46 (0.735) 53 (0.702) 50 (0.698) 

IPA 49 (0.064) 55 (0.250) 46 (0.257) 47 (0.277) 53 (0.281) 
CDA 49 (7.563) 53 (9.418) 46 (9.748) 47 (9.998) 51 (12.082) 

 

Figure 14. Roof structure: Materials share by percentage and impact on environmental indicators. 
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Figure 15. Roof structure: Impact of materials on environmental indicators. 

Natural materials were used efficiently in vernacular houses. It is clear that when insulating 

habitats, the interrelated environmental impacts of the selection of insulation materials is not relevant 

compared to energy savings. Another study [44] analyzed the implications of various insulation 

materials on the primary energy and CO2 emissions for the material production of a residential 

building. The study compared the primary energy use and CO2 emissions from the material production 

of functionally equivalent reference buildings and optimum versions of the building. The results 

showed a reduction of about 6%–7% in primary energy use and 6%–8% in CO2 emissions when the rock 

wool insulation material in the reference buildings was changed to cellulose fiber in the optimum 

versions. According to a different study [45], the use of light clay bricks (85% clay and 15% straw) or 

silico-calcareous (90% lime and 10% sand) bricks clearly reduces impacts. Although in light clay 

bricks the primary energy demand is relatively high, it is important to note that 45% of this energy 

originates from biomass due to the straw content. In addition, light clay bricks have a practically 

neutral CO2 balance. It is important to underline that the impact of conventional insulation with a high 

level of industrial processing such as EPS is clearly higher than the impact of natural materials such as 

cork, wood fiber, and sheep’s wool or recycled materials such as cellulose fiber. 

Our study also shows that natural materials play a role in the reduction of environmental impacts. 

This is confirmed by the results from evaluation of external wall compositions designed from massive 

wood panels with straw, fleece, and fiberboard insulations (Table 7). A different study [46] indicated 

that fleece has low global warming potential. Alternative 18, the above-the-ground floor construction 

with fleece thermal insulation between I-profiles, was the best in terms of EE, SO2eq emissions, and 

OI3CON environmental indicators (Figure 7) and mass per unit area (Figure 6). Another study [47] 

revealed that the variant with calcium silicate requires no vapor barrier or gypsum board and thus the 

overall design has a smaller CO2eq balance. In our study, Alternative 14 (roof structure composition) 

had maximum CO2eq values because of its aluminum vapor barrier and of aluminum sheet covering.  

A comprehensive LCIA of single-family houses in Portugal drew the conclusion that exterior walls 

were the most important construction component and contributed 35% of the EE and 43% of CO2eq 

emissions associated with the construction phase. The comparative analysis of seven wall scenarios 

with different materials indicated that wood walls are the preferred solution and have the lowest 

impacts [45]. A different study [48] confirmed that timber is the most environmentally building 

material compared to others. The GWP of a timber house was determined to be 4.19E + 02 kg CO2, 
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3.85E + 02 kg CO2, and 3.68E + 02 kg CO2, respectively, for life spans of 20, 100, and 500 years. 

However, the low resistance of wood structures against load bearing (high humidity) in the Malaysian 

climate means that wood is not the first choice of house builders. Our study confirmed that based on 

MCDA, massive wood panels are a very effective material. 

Currently, there exists no single insulation material or solution capable of fulfilling all the requirements 

with respect to the most crucial properties [49]. Among modern thermal insulation materials we have 

aerogels and vacuum insulation panels (VIP). Aerogel for building applications has a thermal conductivity 

of around 14–16 mW/(m·K) while VIP can reach down to 4 mW/(m·K). This can be compared to EPS 

and stagnant air with a thermal conductivity of 36 and 25 mW/(m·K) respectively. Aerogel and VIP 

have small pores in the range of 10–100 nm which means the gas conductivity is reduced at atmospheric 

pressure [50]. VIPs have thermal resistance values, at the centre of the panel, up to 10 times or more 

than those of conventional thermal insulation materials [51]. Energy efficient VIPs present thin but 

highly effective insulation solutions, to reduce thermal losses for both new and renovated buildings [52]. 

The environmental impact of transparent aerogel has been assessed in study [53]. Study [50] showed 

that VIP had a lower environmental impact than EPS which was 42% higher than VIP, while mineral 

wool was only half compared to VIP. The high figure for EPS was caused by the use of fossil based 

goods. The analysis showed that 90% of the energy used in VIP production derived from the core 

material while only 4% was used for the laminate production. As this study [50] state, there are  

a number of different novel thermal insulation materials and components which are used in the building 

industry, such as foamglass, polyurethane (PUR), polyisocyanurate (PIR) and polystyrene with added 

graphite. Review [49] presented a summary of the conventional and novel thermal insulation materials 

as gas-filled panels (GFP) and phase change materials (PCM). In the future is appears necessary to 

analyze more material compositions using modern thermal insulation materials in construction of 

nearly zero energy houses. 

5. Conclusions 

Wooden houses represent significant potential for eliminating the environmental burden in relation 

to the use of building materials and have a high predisposition for meet the criteria of green buildings. 

In recent years, wood has been increasingly used as a primary building material—not only because of 

environmental quality but also due to the possibility of a close link with nature and the creation of  

a healthy environment. This strategic renewable raw material can be seriously considered as the material 

of the third millennium. 

Analysis and multi-criteria assessment of material compositions of structures confirmed that 

renewable natural materials produced by unpretending technologies are highly effective for the design 

of wooden houses that are simultaneously green buildings. Building structures consisting of natural 

materials exhibit low EE values due to the fact that solar energy is used in the production of primary 

materials. In addition, plant materials largely conserve carbon within their mass and thus contribute to 

the elimination of global warming. From environmental and thermo-physical viewpoints, structures 

consisting of massive wood, straw and clay are superior. These materials are locally available, and 

straw is an annually renewing agricultural waste product. At the end of the life of these building 

materials, they can be returned back to nature and used as a source of energy or, in some cases, in new 
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construction. From a thermal-physical viewpoint, the diffusely open structures from cob brick, massive 

wood panels, and thermal insulation from straw bales can improve the thermal stability of wooden houses 

and meet requirements for the construction of nearly-zero-energy buildings. Construction of buildings from 

local natural materials creates the opportunity to use raw material and become energy self-sufficient. 

The results of analysis of alternatives designed for the building envelopes of non-transparent 

structures and evaluation of their energy and environmental aspects through MCDA can be summarized 

as follows: 

- The best external wall alternative is composed of wood cladding (0.022 m), DHF board (0.015 m), 

straw bales of 90 kg/m3 (0.300 m) between I-profiles, a massive wood panel (0.200 m), and loam 

plaster with cane (0.020 m). 

- The best above-the-ground floor alternative is composed of cork board (0.020 m), adobe brick 

(0.060 m), vapor barrier, OSB 3 board (0.036 m), straw bales of 90 kg/m3 (0.400 m) between  

I-profiles, and a massive wood panel (0.212 m). 

- The best on-the-ground floor alternative is composed of blocks of wood (0.012 m), cork (0.008 m), 

concrete slab (0.200 m), water proofing + geotextile, foam glass (0.500 m), separated geotextiles, 

and soil. 

- The best roof structure alternative is composed of loam plaster with cane (0.020 m), a massive 

wood panel (0.212 m), straw bales of 90 kg/m3 (0.400 m) between I-profiles, DHF board (0.015 m), 

wood sheeting (0.080 m), water proofing + geotextiles, gravel (0.030 m), and substrate (0.060 m). 
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Nomenclature 

LCA life-cycle assessment 

LCIA life-cycle impact assessment 

GHG green house gas 

EE embodied energy 

ECO2 global warming potential (GWP) 

ESO2 acidification potential (AP) 

ΔOI3 
environmental indicator describing the impact of a building material in a given 

construction layer 

MCDA multi-criteria decision analysis 

AHP analytical hierarchy process 

WSA weighted sum approach 

IPA ideal points analysis 

CDA concordance discordance analysis 

TOPSIS technique for order preference by similarity to ideal solution 

BEAS building environmental assessment system 

MTS massive timber structure 

CLT cross laminated timber 

Glulam glued laminated timber 

FB fiberboard 

VIP vacuum insulation panels 

PUR polyisocyanurate 

PIR polystyrene 

GFP gas-filled panels 

PCM phase change materials 

PE polyethylene 

θe/θi outdoor/indoor air temperature (°C) 

θsi minimal surface temperature (°C) 

Rhe/Rhi outdoor/indoor relative humidity (%) 

m area weight (kg/m2) 

d thickness (mm) 

ρ density (kg/m3) 

U heat transfer coefficient (W/(m2·K)) 

C surface thermal capacity (kJ/K·m2) 

fRsi temperature factor 

ψ phase shift of thermal oscillation (h) 

Ψe linear thermal transmittance (W/m·K) 

λ thermal conductivity coefficient (W/(m·K)) 

τ relaxation time (h) 

a thermal diffusivity (m2/s) 
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