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Summary  

Environmental quality has become increasingly influenced by world population 
development and their increasing requirements on living. Buildings play significant role in 
energy consumption and emission production through all phases of life cycle. The goal of 
this paper is to assess alternative material solutions of exterior walls and roofs to support 
decision at project of nearly zero energy houses. The solutions are towards reduced 
embodied environmental impacts and improved energy performance. This case study uses 
life cycle analysis in system boundary from Cradle to Gate and is concentrating on 
environmental indicators such as embodied energy, embodied emissions of CO2-eq. and 
SO2-eq. The selection and combination of materials influence amount of energy 
consumption and associated production of emissions during occupation and therefore the 
study also calculate thermal-physical parameters (U-value, phase shift of thermal 
oscillation, relaxation time, etc.) All results of assessments are calculated through four 
methods of multicriteria decision analysis (MDCA). MDCA seeks to integrate several 
goals in order to reach the most suitable solution, considering the relative importance of 
each goal. The total score of MDCA demonstrates that material compositions of exterior 
wall W5 and roof R3, especially from massive wood panel and straw insulation are the 
most environmental and energy effective solutions and present sustainable perspective of 
future design of zero energy house . 

Keywords: building materials, wood structures, environmental and energy performance  

1 Introduction 

1.1 Background  

Building sector contributes significantly to high-energy consumption, as well as to other 
environmental loads, such as air emissions, solid waste generation and resource depletion. 
Buildings account for 40 % of total energy consumption in European Union (EU) and 
found that residential buildings have the highest share in total energy consumption in 
building sector, at 63 % [1, 2]. Nearly two thirds of residential energy use is for heating or 
cooling (including water heating) compared to only a quarter in commercial buildings. The 
building sector accounts for 130 million tonnes (Mt) of greenhouse gas emissions (GHGs) 
each year [3]. These and other global environmental and human-health-related concerns 
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have motivated designers, developers and building users to be concerned with more 
sustainable building design. However, the buildings are large in scale and constitute 
complex of materials, components and functions and meet changing user requirements. 
Furthermore, requirements relative to the building envelope performance vary with 
climate, as well as cultural and socio-economical contexts. Construction systems must 
therefore be adapted to each specific decision context. From previous reasons, the 
buildings are more difficult to evaluate in comparison with other products. The production 
processes are much less standardized than most manufactured goods because of the unique 
character of each building [4, 5]  

It is also interesting to mention that more than 90 % – 95 % of the LCA studies were 
focused on assessing environmental impacts and support by the decision-making within the 
building sector [6]. According to the case study of environmental impact of building 
lifecycle from China demonstrates that energy consumption makes up 70–80 % of the total 
environmental impact during 50-year building lifecycle, in which the operational accounts 
for 80 %, building material production phase 15 % and 5 % for the other phases [7]. The 
results of life-cycle impact assessment (LCIA) of three houses with different energy level of 
performance (a standard house, a low-energy house and a passive house-with increased 
insulation, a ventilation heat recovery system, solar collectors and photovoltaic panels) show 
that non-renewable energy (NRE) was reduced by 33 % in the low-energy house and 66 % in 
the passive house in comparison to the standard house. The LCIA results based CML 92 
categories present that low-energy and passive house achieved significant reductions of other 
impacts such as 62 % for global warming potential, 29 % for photochemical oxidation, and 
10 % for acidification relative to standard house [8]. Increasing efforts to reduce operational 
energy consumption in buildings may result in more embodied energy in building materials 
(mainly insulation materials). Consequently, the relative significance of material selection 
(especially for envelope of high energy performance residential buildings) tends to rise and 
become more expressive [1, 5]. The comprehensive LCIA of single-family house from 
Portugal draws conclusion that exterior walls constituted the most important construction 
component with 35 % of embodied energy and 43 % of CO2-eq emissions associated with 
the construction phase. The comparative analysis of seven wall scenarios with different 
materials in their composition (hollow brick, facing brick, concrete blocks, wood) indicates 
that wood wall is the preferable solution with the lowest impacts for most categories [9]. 

This paper presents evaluation of environmental and energy performance of 
alternative exterior wall and roof solutions for nearly zero-energy house design. These 
alternative material compositions of structures are compared to each other in order to 
identifying the most optimal solutions in terms of environmental sustainability.  

1.2 Life cycle assessment  

According to international standards of series ISO 14044 [10], the life cycle assessment 
(LCA) is the collection and assessment of the relevant inputs (such as resources, materials 
and energy) and outputs of any potential environmental impacts caused by the product 
system throughout its life cycle and LCA consist of four interrelated steps: defining the 
goal and scope, creating the inventory, assessing the impact and finally interpreting the 
results. This allows us to learn more about the environmental loads of a certain process or 
product. The environmental impacts derived from the construction of a certain structure, its 
life time, reuse and demolition should all be taken into account within the LCA (within 
system boundary: “cradle to grave” or “cradle to cradle”); the possibility of reusing by 
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either recycling or recovering materials or energy should also be taken into account. Each 
life cycle impact assessment (LCIA) method has a specific set of impact categories and 
different LCIA methods will lead to distinct type of results (impact categories, units) 
[1,6,11]. This paper evaluates material selection of alternative solutions for structures by 
LCA within system boundary “cradle to gate”. 

2 Case study 

2.1 Methodology of assessments and MDCA 

This case study is focused on energy and environmental optimalization of material 
selection of exterior wall and roof structures. The alternative material compositions of 
structures are compared to each other in terms of environmental indicators, which are 
representative of main environmental problems such as non-renewable energy (embodied 
energy: EE), global warming potential (embodied CO2-eq emissions: ECO2) and potential 
of acidification (embodied SO2-eq emissions: ESO2). The most of input data were taken 
from the Austrian LCA database [12].  

The material solutions of structures are designed for nearly zero energy houses in 
Slovakia. In this case study, they are calculated by using the climatic conditions -15 °C and 
84 % of humidity for exterior, 20 °C and 50 % of humidity for interior. The alternative 
solutions are assessed in term of energy performance through following thermal-physical 
parameters: heat transmittance (U), phase shift of thermal oscillation (ψ), relaxation time (τ) 
and surface temperature (θs). Process of calculating of mentioned parameters except for 
relaxation time is specified in Slovak standard STN 73 0540 [13]. The value of internal 
surface temperature is calculated by using software Svoboda – Heat 2009. The 
mathematical calculation of the relaxation time is explained by following equation (1), 
where: d – thickness, λ – coefficient of thermal conductivity and a – temperature coefficient 
of conductivity. The value of this parameter depends on the order of material layers and it 
expresses the ability of structure to stabilize the inertial temperature during stationary 
cooling (after turning the heating off) and [14]. 
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Assessment of different performance characteristics can help select the best possible 
material solutions for a given project design in a given context. All results of assessment 
are weighted by means of Saaty method based on level of significance and size of 
differences between them. The resultant values of weights are 14 % for EE and ECO2; 8 % 
for ESO2; 5 % for surface weight; 2.5 % for U-value; 27 % for phase shift of thermal 
oscillation and relaxation time; 2.5 % for internal surface temperature. The results are 
evaluated by using multicriteria decision analysis (MCDA) through four mathematical 
methods: weighted sum approach (WSA), ideal points analysis (IPA), technique for order 
preference by similarity to ideal solution (TOPSIS) and concordance discordance analysis 
(CDA). WSA is the most straightforward and widely-used MCDA method for assessing 
alternative. IPA is similar method as WSA with minimal modification of mathematical 
equation. The method TOPSIS uses Euclid’s measure of distance from basal (negative-
ideal) variant and ideal variant for calculation. The method CDA is based on comparison 
The initial step of each MCA method is to form an evaluating matrix (Saaty matrix): the 
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elements of it reflect the resultant value of assessment criteria for each alternative. The best 
resultant score of WSA and TOPSIS is the number nearest to 1.0, of IPA is number nearest 
to 0.0, and of CDA is the lowest number. IPA is similar method as WSA with minimal 
modification of mathematical equation. MDCA can help in making clearer selection 
between alternative solutions based on many, often conflicting, criteria and aspects. It 
seeks to integrate several goals in order to reach the most suitable solution, considering the 
relative importance of each goal and it offers the possibility of developing a deeper 
understanding of the problem [15].  

2.2 Material compositions of exterior wall scenarios 

Tab. 1 Description of exterior wall scenarios 

Alternative Scheme of exterior wall  Description of compositions from exterior to 
interior 

W1 

 

- External diffusion open plaster and mortar with 
glass-textile grate (10 mm), 

- Wood fibreboard insulation (100 mm),  
- Wood- fibre insulation between wooden KVH 

profiles 80x160 (160 mm), 
- Smart vapor retarder 
- Lamb’s wool in installation zone (50 mm) 
- Wood paneling (20 mm) 

W2 

 

- Wood boarding-larch (22 mm) 
- Ventilation zone (40 mm) 
- Diffusion open foil 
- Cellulose-wood fibreboard insulation between 

wooden I-joists SW90 (300 mm) 
- OSB 3 board with airtight tapes (18 mm) 
- Hemp insulation with PE fibres in installation 

zone (50 mm)  
- Gypsum-fibreboard (15 mm) 

W3 

 

- Wood boarding-larch (22 mm) 
- Ventilation zone (40 mm) 
- Diffusion open wood fibreboard DHF (15 mm) 
- Straw bales between wooden I-joists SW60 (400 

mm) 
- OSB 3 board with airtight tapes (18 mm) 
- Unburnt bricks (60 mm) 
- Loam plaster (10 mm) 
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Alternative Scheme of exterior wall  Description of compositions from exterior to 
interior 

W4 

 

- Wood boarding-larch (22 mm) 
- Ventilation zone (30 mm) 
- OSB board (15 mm) 
- Cork insulation between wooden I-joists SW60 

with wood-fibre insulation (240 mm) 
- Smart vapor retarder 
- Cross laminated wood panel CLT (124 mm) 
- Gypsum-fibreboard (10 mm) 

W5 

 

- Wood boarding-larch (22 mm) 
- Ventilation zone (40 mm) 
- Diffusion open wood fibreboard DHF (15 mm) 
- Straw bales between wooden I-joists SW45 (300 

mm) 
- Smart vapor retarder 
- Wood massive panel connected with oak pins 

(200 mm) 
- Loam plaster on cane mat (15 mm) 

W6 

 

- Wood boarding-larch (22 mm) 
- Ventilation zone (30 mm) 
- Diffusion open foil 
- Flax insulation between wooden box beams (300 

mm) 
- OSB 3 board with airtight tapes (18 mm) 
- Flax insulation with PE fibres in installation zone 

(50 mm)  
- Fireproof plasterboard (12.5 mm) 

2.2.1 Results of assessments of alternative exterior wall solutions  
The results of environmental analysis (Tab. 2 and Fig. 1) show that alternative W3 is the 
best solution in terms of embodied energy (EE) and embodied SO2-eq (ESO2), alternative 
W5 is the best solution in terms of embodied CO2-eq (ECO2), it is thanks to used straw, 
which has the highest share of total volume of materials in structure. Alternative W6 is the 
best solution in terms of surface weight. 

▪ Embodied energy: W3 assures higher reduction by 26 % than W5, 44 % than W2, 
51 % than W6, 58 % than W1, 63 % than W4; 

▪ Embodied CO2-eq: W5 assures higher elimination of CO2 emissions by 47 % than 
W3, 51 % than W4, 78 % than W2, 58 % than W1, 80 % than W6, 85 % than W1; 

▪ Embodied SO2-eq: W3 achieves 17 % less SO2 emissions than W2, 27 % than W5 and 
W6, 49 % than W4, 50 % than W1. 



CESB13 Prague 
Decision-support tools and assessment methods 

6 

Tab. 2 Environmental evaluation results for exterior wall alternatives  

Alternative EE 
 [MJ/m2]  

ECO2  
[kg CO2- eq. /m2] 

ESO2  
[g SO2- eq. /m2] 

Surface weight 
[kg/m2] 

W1 831.196 -36.490 389.501 84.880 
W2 628.943 -52.489 236.172 73.544 
W3 346.476 -130.435 195.231 216.998 
W4 932.107 -121.916 381.015 118.987 
W5 465.842 -246.635 268.712 173.655 
W6 713.704 -48.9001 268.211 67.047 

  
Fig. 1 Environmental profiles of exterior walls 

The results of energy performance analysis (Tab. 3) point out that all exterior wall 
solutions comply U-value comply for nearly zero energy houses (U ≤ 0.15 W/(m2K)). 

The alternative W5 presents the best solution in terms of future energy consumption 
for heating and cooling. This fact is mainly thanks to used massive wood panel with 
thickness 200 mm. 

▪ Phase shift of thermal oscillation: W5 achieves higher value by 28 % than W3, 34 % 
than W1, 41 % than W4, 55 % than W2, 66 % than W6; 

▪ Relaxation time: W5 achieves better value by 26 % than W3, 46 % than W4, 78 % 
than W2, 84 % than W6, 86 % than W1. 

Tab. 3 Evaluation results of energy performance of exterior wall alternatives  

Alternative U-value 
[W/(m2.K)]  

Phase shift of thermal 
oscillation [hrs] 

Relaxation time 
[hrs] 

Inertial surface 
temperature [°C] 

W1 0.130 20.471 85.847 18.87 
W2 0.111 13.883 131.240 19.05 
W3 0.117 22.215 451.922 19.05 
W4 0.138 18.450 326.324 18.82 
W5 0.117 31.018 608.050 18.97 
W6 0.110 10.606 97.462 19.05 

 
Multicriteria decision analysis (MDCA) integrates all evaluated aspects in order to reach 
the most suitable solution of material composition of structure, considering the relative 
importance of each aspect. The alternative W5 presents the best solution in terms of values 
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of total score of four methods of MCDA (Tab. 4).The final order of solutions from the best 
to the worst is: W5, W3, W4, W2, W6 and W1. 

Tab. 4 Total results of MDCA of alternative exterior wall solutions  
Alternative WSA TOPSIS IPA CDA 
W1 0.2105 0.2069 0.7895 6.4304 
W2 0.3102 0.2601 0.6898 4.9765 
W3 0.6687 0.6451 0.3313 2.0828 
W4 0.3212 0.3707 0.6788 4.7450 
W5 0.8906 0.8781 0.1094 1.2495 
W6 0.2164 0.1986 0.7836 6.3309 

2.3 Material compositions of roof scenarios 

Tab. 5 Description of roof structure scenarios 

Alternative Scheme of exterior wall  Description of compositions from 
exterior to interior 

R1 

 

- Clay roofing tiles 
- Contra-lathes (50x30) 
- Ventilation zone (60 mm) 
- Diffusion open foil 
- Cellulose wood-fibre insulation 

between I-joists SJ 90 (360 mm) 
- OSB 3 boards with airtight tapes 

(22 mm) 
- Wood-fibre insulation (50 mm)  
- Gypsum-fibreboard (15 mm) 

R2 

 

- Gravel (70 mm) 
- Damp proof course 
- OSB boards (2x15 mm) 
- Ventilation zone (80 mm) 
- Diffusion open foil 
- Wood fibreboard insulation (40 mm) 
- Cross laminated wood panel with hemp 

insulation with PE fibres (33+280+27 
mm)  

- Vapor barrier -foil 
- Hemp insulation with PE fibres 

(80 mm)  
- Fireproof plasterboard (15 mm) 

R3 

 

- Substratum (60 mm)  
- Filter-textile 
- Gravel (30 mm) 
- Damp proof course and geotextile 
- Wooden decking (27 mm) 
- Ventilation zone (60 mm) 
- Diffusion open wood fibreboard DHF 

(15 mm) 
- Straw bales between wooden  

I-joists SJ 90 (400 mm) 
- Smart vapor retarder 
- Wood massive panel connected with 

oak pins (212 mm) 
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Alternative Scheme of exterior wall  Description of compositions from 
exterior to interior 
- Loam plaster on cane mat (20 mm) 

2.3.1 Results of assessments of alternative exterior wall solutions  
The results of environmental evaluation (Tab. 6) point out that alternative R3 is the best 
solution in terms of embodied energy (EE), embodied CO2-eq (ECO2) and embodied  
SO2-eq (ESO2), alternative R1 is the best solution in terms of surface weight.  

▪ Embodied energy: R3 has 27 % lower energy consumption than R1and 47 % than R2; 
▪ Embodied CO2-eq: R3 assures higher reduction of CO2 emissions by 73 % than R2, 

86 % than R1; 
▪ Embodied SO2-eq: R3 achieves 1.5 % less SO2 emissions than R1, 24 % than R2. 

Tab. 6 Environmental evaluation results for roof structure alternatives  

Alternative EE 
 [MJ/m2]  

ECO2  
[kg CO2- eq. /m2] 

ESO2  
[g SO2- eq. /m2] 

Surface weight 
[kg/m2] 

R1 910.568 -39.296 329.818 105.69 
R2 1248.448 -75,485 426.419 217.633 
R3 660.395 -282.693 324.913 356.97 

  
Fig. 2 Environmental profiles of alternative roof structures 

The results of energy performance evaluation (Tab. 7) demonstrate that all alternative roof 
solutions comply U-value comply for nearly zero energy houses (U ≤ 0.10 W/(m2K)). The 
alternative R3 represents the best solution in terms of future energy consumption for 
heating and cooling. 

▪ Phase shift of thermal oscillation: R3 has higher value by 53 % than R1 and R2; 
▪ Relaxation time: R3 achieves better value by 66 % than R2, 76% than R1. 

Tab. 7 Evaluation results of energy performance of roof structure alternatives  

Alternative U-value 
[W/(m2.K)]  

Phase shift of thermal 
oscillation [hrs] 

Relaxation time 
[hrs] 

Inertial surface 
temperature [°C] 

R1 0.094 16.964 184.705 19.19 
R2 0.094 16.996 263.726 19.15 
R3 0.091 36.029 783.489 19.17 

 
The material composition of roof R3 achieves the best results in many evaluated aspects 
and therefore R3 obtains markedly the best total score of MDCA considering all used 
methods.  
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Tab. 8 Total results of MDCA of alternative roof structure solutions  
Alternative WSA TOPSIS IPA CDA 
R1 0.2316 0.2683 0.7684 2.7370 
R2 0.0846 0.1294 0.9154 2.5412 
R3 0.9375 0.8718 0.0625 0.4129 

3 Conclusions 

The case study implements life cycle analysis within “cradle to gate” and demonstrates 
importance of material selection in the design process of residential building. The 
embodied impacts (material-related impacts) are the most significant for high energy 
performance building because of increasing volume of materials, especially insulations. 
The most recent studies point out that evaluation of embodied impacts is necessary for 
sustainable development. The results of assessments and MDCA indicate alternative wall 
W5 and roof R3 are the best possible solutions in terms of environmental and energy 
performance. These alternative solutions consist from renewable materials with low-energy 
intensity and high ability to absorb CO2 emissions. The carbon lock in is very important 
factor for reduction of climate changes. They consist mainly from massive wood panel 
which together with loam plaster improves thermal capacity, phase shift of thermal 
oscillation and relaxation time and from insulation in form straw bales which are high 
environmental effective. Furthermore, these material compositions provide occupants 
healthy indoor environment and represents possible way towards sustainable solution.  
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