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Sammanfattning 
 
Samhällsbyggnadssektorn står för en mycket stor del av förbrukningen av jordens ändliga 
resurser, både i form av materialanvändning och drift av byggnader. En av de viktigaste 
frågeställningarna för framtida konsumenter kommer att vara projekts miljöpåverkan över 
hela livscykeln. Byggnadsverk/bostäder utgör en mycket stor del av den samlade 
miljöpåverkan och kommer därför att vara i särskilt fokus. Ett säkert sätt att långsiktigt 
garantera ekologiskt hållbar utveckling är att så långt det någonsin är möjligt basera 
produktion av varor och produkter på förnybara råvaror och förnybar energi, som till 
exempel biomassa från ett hållbart skogs- och jordbruk.  
 
Systemanalytiska verktyg är ett brett begrepp för metoder som används för att analysera 
olika system, produkter och tjänster i ett livscykelperspektiv. Den systemanalytiska 
metod som tillämpas mest och fått en vetenskaplig acceptans är LCA. LCA-metodiken är 
ger jämförbara värden för olika produkter såsom byggmaterial eller byggnader och andra 
konstruktioner.  
 
En LCA för åtta olika utföranden av ett flerbostadshus i Wälludden, Växjö, har 
genomförts. Tre olika moderna träbyggnadssystem, ett med volymelement, ett med 
stomme av massiva träelement och ett pelar-balk system har analyserats med ett standard- 
respektive passivhusutförande med avseende på byggnadens energieffektivitet. En 
jämförelse görs också med byggnadens originalutförande i trä samt ett betongalternativ. 
Studiens omfattning är ”från vagga till grav” och inkluderar utvinning av råmaterial, 
produkttillverkning, byggande, värme och elproduktion under användningsfasen, rivning 
och slutöde. Analyserade miljöparametrar är bidraget till växthuseffekten och användning 
av primärenergi. Slutsatser från studien är: 
 

• Valet av träbyggsystem har relativt liten påverkan på byggnadens 
koldioxidavtryck jämfört med byggnadens energieffektivitet och valet av övriga 
ingående material. 

• Produktionsfasen får större betydelse för byggnadens koldioxidavtryck när 
energieffektiviteten under användningsfasen förbättras. 

• Mineral- och fossilbaserade material ger större miljöpåverkan under 
produktionsfasen än biobaserade material, även om skillnaden i vikt är liten 

• Ökad andel av biobaserade produkter kan minska produktionsfasens 
koldioxidavtryck för en byggnad, oavsett vilket byggsystem som väljs. 

• Användning av biobaserade förnybara material i långlivade produkter som 
byggnader ger även en positiv klimateffekt genom koldioxidinlagring under 
byggnadens livslängd. 

• Biobaserade material har stora potentiella miljöfördelar vid en eventuell rivning 
(materialets slutanvändning) i form av inneboende ”koldioxidneutralt” 
energiinnehåll. 

• Fördelarna med ett energieffektivt utförande i användningsfasen är betydande, 
men allteftersom användningsfasens miljöpåverkan minskar blir 
förbättringspotentialen för både produktions- och slutanvändningsfasen mer 
relevant. 

 
Key words: Life Cycle Assessment; Wood Construction; Carbon Footprint, Primary 
Energy Demand 
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Preface 
 
The content of this report is the result from the work done as part of the €CO2 project, 
part of the Wood Wisdom-net ERA-net platform. The project consortium acknowledged 
the importance of a holistic understanding of the complexities in carbon footprint 
assessment in the wood building sector and the need for practical solutions for these kinds 
of assessments that somehow deal with these complexities. Aspects like the long time 
frame of buildings, the relationships with the forest system, the multi-output activities and 
the interaction with other systems in the technosphere were among these complexities. 
The project was designed to work in three levels; defining criteria for evaluation methods, 
taking these criteria into practice towards practical solutions and driving changes towards 
carbon neutral construction by disseminating the results of the project. 
 
One important feature of the project was the inclusion of reference cases or case studies; 
lightweight and massive timber multi-dwelling houses that exist in reality in different 
countries. For these, important details are well-known such as building system, energy 
performance, details and costs. These case studies were to be provided by industrial 
partners.  
 
The Wälludden building was chosen as one of these reference cases, as the contribution 
from the Swedish partners in the consortium. Three Swedish companies in the building 
sector with strong competence in wood building projects took part in the project by 
redesigning the building using different building systems; Lindbäcks Bygg AB, Moelven 
Töreboda AB and Martinson Group AB. 
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Abstract  
 
The construction sector is responsible for a large share of society’s greenhouse gas 
emissions. This calls for measures towards a more sustainable built environment.  Bio-
based products are in general more climate-efficient than fossil or mineral-based 
products. The extent of the role of bio-based products in the carbon footprint of a building 
case study have been explored using Life Cycle Assessment (LCA), a well-accepted tool 
for the assessment of the environmental impact of design alternatives using a life-cycle 
perspective.  
 
A full LCA was conducted for eight different design alternatives with the same 
functionality based on Wälludden, a four-storey residential building in Växjö, Sweden. 
The designs consist of three different building systems, each under standard and passive 
house energy efficiency categories; as well as the original design of the building both 
with wood and concrete frame structures. The evaluated building systems are 
prefabricated volume elements, massive timber structural elements and a column-beam 
structure. 
 
The scope of the LCA is cradle-to-grave, including the raw material extraction and 
material production processes, construction, heat and electricity production and supply 
for the use phase, demolition and end-of-life scenarios. A square meter of living area for 
one hundred years was assumed as the functional unit. The data used for the study comes 
mainly from literature and EPDs of construction products, while the environmental 
impact categories included are global warming potential and primary energy demand. 
 
The results show that the selection of wood building system does not dramatically 
influence the carbon footprint of the building, as does the use phase energy efficiency or 
the type of additional and alternative materials and building systems. The production 
phase becomes more influential with increased use phase energy efficiency. Mineral and 
fossil based materials have a higher contribution to the production phase carbon footprint 
than bio-based materials, which is evident in the analysed wood building systems as well 
as in the concrete structure alternative design.  
 
Increasing the share of bio-based products can decrease significantly the carbon footprint 
of the production phase of a building, no matter which building system is chosen. Bio-
based materials have higher potential environmental benefits for the end-use phase, 
depending on the fate of the material.  
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1 Introduction 
 
Solving climate change is probably the biggest environmental challenge humanity has 
ever faced. There is enough scientific evidence that the increasing concentration levels of 
greenhouse gases in the atmosphere will result in an increase of the surface temperature; 
with social, environmental and economic implications. This has resulted in global efforts 
to reduce greenhouse gas emissions and increase environmental efficiency. 
 
Currently, around 33% of the global greenhouse gas emissions from human activities can 
be attributed to the building sector [1]. At the same time safe housing is a basic need for 
mankind, which means there is a strong need to decrease these emissions while still 
building enough housing for the growing world population and contributing to economic 
growth.  
 
There has been a focus on increasing energy efficiency in buildings and eco-efficiency in 
the energy supply, as many previous studies have pointed to the use stage of the building 
as the most environmentally and energy intensive [2,3,4]. This focus has led to substantial 
reductions of the carbon footprint of buildings, but mainly in the use phase. Therefore, the 
relevance of the production of the building and its materials in relation to the use phase is 
increasing with time. 
 
In this case study, six different designs featuring three different building systems with the 
same function are analysed using Life Cycle Assessment, both for conventional and 
passive house energy standard. Furthermore, two alternative designs of the original 
building are included; a concrete-frame and a light-frame wood construction. The 
analysis focuses on the material level, and the relative share of emissions from bio-based 
materials and mineral-based materials. This analysis has been performed as part of the 
€CO2 research project. 
 
First, background information about the project, the case study and the chosen assessment 
tool are given. Afterwards the report follows the ILCD handbook for Life Cycle 
Assessment’s provisions and action steps [5]; including a goal and scope definition, an 
inventory analysis and the results of the impact assessment. Finally, results interpretation 
and conclusions are presented. 
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2 Background 
 
This section will cover relevant background information about the case study and the 
choice of Life Cycle Assessment as an assessment tool.  
 
2.1 The Wälludden case study 
Wälludden is a housing complex situated in Växjö, Sweden (Address: Södrabogränd 1–
3). Of the buildings at Wälludden, the four-storey lightweight wooden building, which 
was constructed in 1995-1996, was chosen for the case study. There are sixteen 
apartments in the building, with a total of 1190 m2 of heated area and 928 m2 of living 
area. There is a small amount of concrete in the structure, as the ground floor consists of a 
concrete slab on macadam, insulated with EPS sheet. The upper floors are made of light 
timber joists with light-gauge steel sheathing and gypsum boards and insulated with 
mineral wool, while the roof includes two layers of asphalt sheeting on tongue-and-
groove boards and insulating mineral wool. The exterior wall of the building is made of 
timber studs, plywood and gypsum boards and mineral wool, covered by stucco and wood 
paneling in limited areas. A photograph of the original building is presented in Figure 1. 
 
 

 
Figure 1 Photograph of the original Wälludden building in Växjö, Sweden 

 
As part of the €CO2 project, the Wälludden building has been re-designed with the help 
of the Swedish industrial partners in the project to meet the current building code [6], but 
using three different building systems, which are described below. Each of these designs 
was modeled to comply with both the conventional and the passive house energy 
efficiency standard [7]. The analysis includes also an alternative design of the original 
building with a concrete structure and wood frame in-fill exterior walls, which was 
obtained from a study performed by Lund Institute of Technology [8]. 
 
Detailed schematics and composition of selected building elements for each building 
design are presented in the coming sections, both for conventional and passive house 
standards. Appendix A includes a specification of the total material mass required for 
each design. The number of floors, apartment area (except for the volumetric modules 
system) and architectural details are the same for all the designs. The passive house 
designs have enhanced air tightness and include efficient water taps, but in general all the 
designs provide comparable functionality in terms of housing. Moreover, the same stucco 
façade system was assumed for the entire façade of all the six re-designs. 
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2.1.1 Volumetric modules system 
This system features a set of modular elements, which are commonly prefabricated in a 
factory, transported and mounted at the construction site. The passive house standard is 
achieved by adding glass wool and a layer of stone wool for insulation in the exterior wall 
and glass wool in the roof. For this particular case, the floor area and the living area (935 
m2) are slightly higher than for the other designs. In Figure 2 an overview of the 
volumetric modules system design is presented, while Table 1 displays details of the 
design for selected building elements, both for standard and passive house designs. 

Table 1 Details of selected building elements for the volumetric modules system design 
Exterior walls 

Standard Design Passive House Design 

 

Ventilated plaster facade system,  
28 x 70 mm wood lath C 600 mm 
45 mm glass wool, 24 kg/m³ 
45x45mm timber studs, C600 mm 
220 mm glass wool, 24 kg/m³ 
45x220mm timber studs, C600mm 
0.2 mm plastic film, PE 
12 mm plywood, 500 kg/m³ 
13 mm gypsum plasterboard, 720 kg/m³  

Ventilated plaster facade system,  
28x70 mm wood lath C 600 mm 
50 mm stone wool, 
70 mm glass wool, 24 kg/m³ 
45x70mm timber studs C600mm 
220 mm glass wool, 24 kg/m³ 
45x220mm timber studs, C600mm 
0.2 mm plastic film, PE 
13mm gypsum plasterboard, 720 kg/m³ 
15mm gypsum plasterboard, 825 kg/m³ 

Roof-Ceiling 
Standard Design Passive House Design 

 

Asphalt sheeting , two layer 
16 mm T&G wood panels  
Roof trusses, structural timber 
400 mm glass wool (loose wool), 15-30 
kg/m³ 
45x120mm timber studs, C400 mm 
120 mm glass wool, 25 kg/m³ 
 0.2 mm plastic film, PE 
13 mm gypsum plasterboard, 720 kg/m³ 
15 mm gypsum plasterboard, 825 kg/m³ 

 

Asphalt sheeting , two layer 
16 mm T&G wood panels  
Roof trusses, structural timber 
430 mm glass wool (loose wool), 15-30 
kg/m³ 
45x120mm timber studs, C400 mm 
120 mm glass wool, 25 kg/m³ 
 0.2 mm plastic film, PE 
13 mm gypsum plasterboard, 720 kg/m³ 
15 mm gypsum plasterboard, 825 kg/m³ 

Floor-ceiling Foundation 

Both Designs Both Designs 

  
14 mm laminated wood flooring 

2 mm expanded polyethylene 
22 mm particle board, 700 kg/m³ 

42x225 mm glulam beams C 600 mm 
12x300 mm plywood C 600 mm 

95 mm glass wool, 24 kg/m³ 
45x120 mm timber studs, C 400 mm 

120 mm glass wool, 25 kg/m³ 
15 mm gypsum plasterboard, 825 kg/m³ 
13 mm gypsum plasterboard, 720 kg/m 

120 mm concrete, reinforced 
300 mm XPS, 32 kg/m³ 
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Figure 2 Assembly of a volumetric modules system similar to the one used for the case study 

 
2.1.2 CLT structural elements system 
This system resembles the original design, only that the structure for this design is made 
of massive timber CLT elements instead. In this case, the passive house standard is 
achieved by adding 145 mm extra stone wool insulation in the exterior wall. An overview 
of the system is presented in Figure 3, and details of selected building components for 
this design are presented in Table 2. 

 
Figure 3 Overview of the structural elements system design for Wälludden 
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Table 2 Details of selected building elements for the structural elements system design 
Exterior walls 

Standard Design Passive House Design 

 

Ventilated plaster facade system 28 x 
95 mm wood lath C 600 mm 
50 mm stone wool, 45 kg/m³ 
195 mm stone wool, 28 kg/m³ 
45x195 mm timber studs, C 600 mm 
0.2 mm plastic film, PE 
82 mm CLT, 400 kg/m³ 
15 mm gypsum plasterboard, 825 kg/m³  

Ventilated plaster facade system 
28 x 70 mm wood lath C 600 mm 
 50 mm stone wool, 45 kg/m³ 
170 mm stone wool, 28 kg/m³ 
45x170 mm timber studs, C 600 mm 
170 mm stone wool, 28 kg/m³ 
45x170 mm timber studs, C 600 mm 
0.2 mm plastic film, PE 
82 mm CLT, 400 kg/m³ 
15 mm gypsum plasterboard, 825 kg/m³ 

Roof-Ceiling 
Standard Design Passive House Design 

 

Asphalt sheeting , two layer 
16 mm T&G wood panels 
Roof trusses 
500 mm stone wool (loose wool), 
28 kg/m³ 
 0.2 mm plastic folio, PE 
28x70 mm wood battens C 400 mm 
2x13 mm gypsum plasterboard, 720 
kg/m³ 

 

Asphalt sheeting , two layer 
16 mm T&G wood panels 
Roof trusses 
550 mm stone wool (loose wool), 28 
kg/m³ 
 0.2 mm plastic folio, PE 
28x70 mm wood battens C 400 mm 
2x13 mm gypsum plasterboard, 720 
kg/m³ 

Floor-ceiling Foundation 

Both Designs Both Designs 

  
14 mm laminated wood flooring 
2 mm expanded polyethylene 
70 mm CLT, 400 kg/m³ 
45x220 mm glulam beams C 450 mm 
56x180 glulam flange C 450 mm 
170 mm stone wool, 28 kg/m³ 
70 mm stone wool, 28 kg/m³ 
28x70 mm wood panels C 300 mm 
2x13 mm gypsum plasterboard, 720 kg/m³ 

120 mm concrete, reinforced 
300 mm XPS, 32 kg/m³ 

 
2.1.3 Beam-column system 
For the third design, the structure of the building is made of LVL and Glulam beams and 
columns. A 120 mm layer of mineral wool is added in the exterior wall to comply with 
the passive house standard. There is also more concrete in this design than for the others, 
as the column foundations need extra slab thickness in the parts of the slab and the stairs-
elevator structure is made of concrete. In Figure 4 an overview of the column-beam 
design is presented, while Table 3 presents details of selected building elements for both 
designs using the beam-column system. 
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Table 3 Details of selected building elements for the column-beam system design 
Exterior walls 

Standard Design Passive House Design 

 

Ventilated plaster facade system28 x 
70 mm wood lath C600 mm 
 50 mm stone wool, 45 kg/m³ 
220 mm stone wool, 28 kg/m³ 
45x220 mm timber studs, C 600 mm 
0.2 mm plastic film, PE 
2 x13 mm gypsum plasterboard, 720 
kg/m³ 

 

Ventilated plaster facade system28 x 
70 mm wood lath C600 mm 
 50 mm stone wool, 45 kg/m³ 
120 mm stone wool, 28 kg/m³ 
45x120 mm timber studs, C 600 mm 
220 mm stone wool, 28 kg/m³ 
45x220 mm timber studs, C 600 mm 
0.2 mm plastic film, PE 
2 x13 mm gypsum plasterboard, 720 
kg/m³ 

Roof-Ceiling 
Standard Design Passive House Design 

 

Asphalt sheeting , two layer 
45 mm LVL board, 480 kg/m³  
45x300 mm LVL beams C 600 
mm 
500 mm glass wool (loose wool), 
15-30 kg/m³ 
0.2 mm plastic folio, PE 
28x70 mm wood battens, C 400 
mm 
13 mm gypsum plasterboard, 720 
kg/m³ 
15 mm gypsum plasterboard, 825 
kg/m³ 

 

Asphalt sheeting , two layer 
45 mm LVL board, 480 kg/m³  
45x300 mm LVL beams C 600 
mm 
550 mm glass wool (loose wool), 
15-30 kg/m³ 
0.2 mm plastic folio, PE 
28x70 mm wood battens, C 400 
mm 
13 mm gypsum plasterboard, 720 
kg/m³ 
15 mm gypsum plasterboard, 825 
kg/m³ 

Floor-ceiling Foundation 

Both Designs Both Designs 

 
 

14 mm laminated wood flooring 
3 mm expanded polyethylene 
25 mm gypsum fibre board, 1176 kg/m³ 
25 mm glass wool board, 160 kg/m³ 
33 mm LVL board, 480 kg/m³ 
220 mm glass wool, 16 kg/m³ 
51x300 mm LVL beams C 600 mm, 480 kg/m³ 
25 mm Sound insulation bars 
13 mm gypsum plasterboard, 720 kg/m³ 
15 mm gypsum plasterboard, 825 kg/m³ 

120 mm concrete, reinforced 
300 mm XPS, 32 kg/m³ 
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Figure 4 Overview of the beam-column system design for Wälluden 

 
2.2 Life Cycle Assessment (LCA) 
Life Cycle Assessment (LCA) was chosen as the main assessment tool for the €CO2 
project. LCA has positioned itself as one of the most used tools for environmental 
assessment of product systems and services, due to its flexibility and the possibility to 
include every stage in the life cycle of the analyzed system. This flexibility allows the 
practitioner to focus on specific impact categories and indicators depending on the goal of 
the study, which suits the project perfectly as it has a strong focus on carbon footprint.  
 
Furthermore, the tool is widely known among environmental experts and non-experts, 
which should be positive for the dissemination of the results among architects and 
designers, the project’s main target. The €CO2 project aims to provide a holistic approach 
for the carbon footprint implications of wood materials and buildings; such an approach 
can surely be obtained by the use of LCA as its boundaries can be freely defined by the 
practitioner to cover as many systems, processes and stages as required. 
 
There are many standards for LCA and its methodology. Among ISO standards there is a 
complete series dedicated to environmental issues, ISO 14040 and ISO 14044 [9, 10] 
being the most relevant for LCA practice. In a European context, the European 
Committee for Standardization (CEN) has released a series of standards for sustainability 
of construction works. From this series two standards are specially related to the work in 
this study; one is EN 15804 [11] with core rules for EPDs and the other being EN 15978 
[12] with calculation method for the assessment of environmental performance of 
buildings. Finally, the prEN 16485 is under development, which provides Product 
Category Rules (PCR) for wood and wood-based products to be used in construction [46]. 
 
The ILCD handbook for LCA should be mentioned as well, as it is a guide for conducting 
and reporting LCA studies with a European scope [5]. Since €CO2 is a project placed in a 
European context, the ISO 14044 methodological framework, the EN 15978 calculation 
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method and the ILCD handbook’s provisions for reporting are followed for this study as 
closely as possible. 
 
LCA Software tools are often used to facilitate calculations and data management. There 
are many different tools for LCA available in the market, as well as libraries with LCI 
data. SimaPro has been used in this study for data storage and documentation and 
environmental impact calculations. 
 
There is a trend in literature to divide LCA methodology in two different approaches 
depending on the purpose of the specific project [13]. While “Attributional” LCAs are 
meant only to study one or more product systems and its environmental impacts, 
“Consequential” LCAs compare different product system scenarios mainly to assess the 
consequences of decisions or changes. The approach used for this study is described in 
the next section. 
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3 Goal and scope definition 
 
The goal and scope definition is a key stage of every LCA study, as it sets the base for all 
the work that comes next. In this section the definition of the goal and scope of the study 
will be presented. 
 
3.1 Goal 
The goal of this LCA is to increase the understanding of the role of wood in the carbon 
footprint of buildings, by analysing eight different design alternatives for a building with 
comparable functionality. The results of the study are to be applied mainly by the €CO2 
consortium as a reference to propose practical solutions for holistic carbon footprint 
assessment of wood building products and their application in buildings. Furthermore, the 
study may also be applied by non-experts as a practical guide for carbon footprint 
assessment of building design alternatives. 
 
The main limitations for the study are related to assumptions, specially related to future 
energy systems and future end-of-life waste scenarios. These limitations are enhanced by 
the fact that buildings have such a long life span and long-term future scenarios are more 
difficult to define. The assumption of the life span of the building also presents a 
challenge, but this was defined at the €CO2 project level. These limitations will be further 
discussed in the coming sections. 
 
The main audience of the study are the researchers in the €CO2 project, as the results will 
be used as a reference for proposing practical solutions, in other words a restricted 
internal technical audience. Furthermore, architects and building designers may also use 
the study as a methodological reference or data source for calculations or estimations of 
the carbon footprint of design alternatives. This secondary targeted audience can be 
regarded as public and non LCA experts. 
 
There is no clear commissioner for the project, as it is performed as a reference for a 
research project. The project consortium might be regarded as the commissioner, and 
more specifically the industrial partners, who are the main stakeholders for the outcome 
of the project.  
 
Even as the project involves comparison of different design alternatives, this comparison 
shall not be used for decision making or public procurement, only for research and 
knowledge development. Moreover, since the project strives for a holistic view of the 
carbon footprint implications of wood products, the study may include interactions with 
other systems such as the forest system or the energy systems. Therefore, the study can be 
classified as situation C1 “Accounting with interactions” according to the ILCD 
handbook for LCA [5]. 
 
3.2 Functional unit and reference flow 
The focus system of the study is the building as a product. The building is quite a 
complex product which interacts with many other systems in different life cycle stages, 
but in this study the building is analysed as a product which provides a safe living area 
during a specific amount of time. This is why the functional unit chosen for this study is 
one square meter (m2) of living area for one hundred years, a flow from the construction 
process. This living area shall provide mainly protection from external environment; 
especially from weather, noise and vibration. Other basic services such as drinking water, 
food, communications and recreations are excluded from the study. It is worth 
mentioning that all the analysed design alternatives shall provide the same level of 
protection, as they are designed and modelled to maintain the same internal temperature 
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of 22⁰C in living areas and 18⁰C in common areas. The passive house and conventional 
design are different in energy efficiency, which means that the energy required to fulfil 
the same function will differ, but not in the provided function itself. It is assumed that 
there will be no changes in the building’s functional performance over time. 
 
3.3 Life cycle modelling 
This study has been performed using an attributional approach, as it is not intended to be 
used for decision-making. Consequently, the building system and the interacting systems 
(energy, forestry and waste management) are modelled following the existing systems. 
Nevertheless, in some specific cases some assumptions will be made in order to model 
future systems more accurately.  
 
It can be argued that buildings present a case of product multi-functionality, as they 
provide many different basic services to dwellers beyond the concept of housing. This is 
handled in the study by focusing only on the function of weather protection and the 
energy required for warming, ventilation and tap water heating. This way, the energy 
requirements in the use phase are exclusive for this specific function. 
 
3.4 Allocation 
The forest and wood products systems have often several multi-output processes and 
recycling loops. Forestry activities have different products which could be determining 
such as cellulose, timber and lignin; which may be determining depending on the 
analysed system.  
 
In this particular case, the main product from the forest is timber. The environmental 
benefits and burdens from all the other co-products in forestry are allocated using 
physical allocation, using mass allocation factors. This type of allocation is also applied 
for recycling loops, specifically in sawmills where these co-products are used for energy 
production within the sawmill. In addition, allocation issues in other product systems with 
multi-output processes and use of recycled co-products from other systems such as steel, 
non-Ferro metals and plastics are dealt using physical allocation. On the other hand, for 
allocation of environmental burdens from energy production in CHP plants, the chosen 
data was obtained by applying energy allocation factors.  
 
Even though no substitution has been applied for the system modelling, some calculations 
of potential benefits of using wood-based materials for energy production at the end-of-
life stage have been performed using substitution. Nevertheless, these potential benefits 
have not been included as part of the carbon footprint of the building and are displayed 
only for analysing purposes, as recommended in the EN 15978 standard where it is 
suggested that all environmental benefits from the end-use phase are included in a 
separate module D [12]. 
 
3.5 System boundaries 
The study covers the carbon footprint and primary energy requirements of all the 
processes involved in the life cycle of the studied building during normal operation. The 
assessed energy inputs and emissions are accounted as interactions between the natural 
system and the technology system related to the building. A schematic view of the system 
boundaries of this study is shown in Figure 5. 
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Figure 5 Schematic illustration of the system boundaries for the study 

 
A building is a very complex product, where many different sub-systems interact at 
different life cycle stages. Due to different reasons, such as lack of data or similarity 
between every alternative, some materials and processes have been excluded from the 
study. In section 4 these exclusions will be further discussed.  
 
3.6 Cut-off criteria 
There is no cut-off in the impact assessment of the study, meaning that every inventoried 
process is included in the impact assessment and the results. There may be different cut-
off levels for the used data sets, but this will be discussed in further sections or found in 
the data source. 
 
3.7 Impact categories 
The €CO2 project focuses mainly on carbon footprint, so the main impact category 
analysed in this study is greenhouse effect. The calculations have been done using the 
Greenhouse Gas Protocol (IPCC) and its global warming potential factors with a time 
horizon of one hundred years (GWP100). Furthermore, Cumulative Energy Demand 
(CED) has been included as an additional indicator, as it may provide a fair idea of what 
the result could be for other impact categories, especially from the resource use 
perspective. No endpoint categories have been analysed. 
 
For greenhouse effect, only fossil carbon has been studied. Data availability is one of the 
reasons for this, but the main reason is that forest products are assumed to be neutral with 
the system boundaries set as shown in Figure 5. If biogenic carbon emissions are to be 
included, the system boundaries shall be expanded to the forest system and the carbon 
uptake when producing biomass, which in the end would balance each other with the 
biogenic carbon emissions. As for the cumulative energy demand, the results are 
displayed separately for renewable and non-renewable energy. 
 
3.8 Technological, geographical and time 

representativeness 
The representativeness of the data used in the study differs for each life cycle stage. For 
the production phase, most of the data used for construction products represent average 
Swedish technology from the late 1990s and early 2000s. The only exceptions for this are 
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some plastic materials and steel products that represent European average technology. 
This applies as well for the materials for maintenance during the use phase. As for the 
construction phase, generic data is used from Swedish averages of the 1990s.  
 
For the energy production in the building service life, the data represent the specific 
technology used presently by the energy supplier in Växjö; a district heating CHP plant 
fuelled by biomass which can be representative for Swedish plants of the same type and 
for 45% of the district heating plants in Sweden [14]. Moreover, the data for end-use 
waste treatments represents European present averages, while the assumptions made to 
model the waste scenarios attempt to represent a future Swedish waste management 
vision. 
 
3.9 Data quality 
The purpose of studying the Wälludden case in the €CO2 project is to provide a view of 
the carbon footprint implications of using wood in buildings in Sweden, a country with 
extensive forest resources and important forestry tradition. Therefore, the main criteria for 
data collection was to prioritize Swedish-specific data, since most of the wood materials 
used in Swedish construction are produced in the same country. Regarding other 
considerations, the best available data was used. Data quality issues are further discussed 
in section 4. 
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4 Life Cycle Inventory 
 
This section covers the modelling of the system for Wälludden and all its alternative 
designs. Data sources, included processes, assumptions, excluded processes and products, 
and the life cycle inventory are described. The main report contains the most relevant 
information, while additional data can be found following the references. 
 
4.1 Material production 
The material production phase was modelled using data from SP Wood Technology’s 
own database. This database has been built during the last fifteen years, and is based 
mainly on EPDs, most of which SP Wood Technology have developed and inventoried 
along with the Swedish wood industry. Additional sources are industrial reports and 
Björklund and Tillman’s study from 1997 [15]. These datasets include all the background 
processes required for the manufacturing of each building product, from the raw materials 
extraction to the factory gate. 
 
The production system modelled for the production phase of the building can be seen in 
Figure 6. Due to its complexity and the amount of different specific materials used in the 
design, the building materials are displayed in groups depending of the nature of the raw 
materials required for their production or manufacturing. The specific data for each group 
is described in the coming sections, as well as the exclusions in the production phase. 
 
The system model and the data collected is the same for all the design alternatives 
covered in the study, as well as the excluded materials and processes. Nevertheless, the 
material amounts obtained for the original wood frame and concrete frame designs were 
aggregated, which means that the specific amounts of materials required for windows 
were not available. Instead, they are added to the other material groups. This means that 
for these alternatives it is not possible to separate the environmental impact from window 
manufacturing. The material amounts required for each design are shown in appendix A.  
 

 
Figure 6. System model for the production phase and the manufacturing of materials. Energy 

inputs and elementary flows are not displayed for simplification. 
 
4.1.1 Wood products 
Data for all the wood products used in the model was inventoried by SP Wood 
technology between 1996 and 2002, all of it as part of commissioned projects for the 
development of EPDs. All the datasets are company-specific, except for the sawn timber 
which is generic for 15 Swedish sawmills. Every multi-output process and recycling loop 
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is dealt with using physical mass allocation factors. The system boundary is set in the 
forest, where the forestry process takes biomass (logs) from. Biogenic carbon dioxide 
emissions and the forest atmospheric carbon dioxide uptake are not included or accounted 
for in the inventory data. In the specific case of LVL, Plywood data was used as a proxy. 
The data used for wood products is described in Table 4. 

Table 4 Inventory data sets used for the wood materials  
Material Data source Year Type of data Comments 
Sawn 
timber 

Kontenta report 
[16] 

1996-
2000 

Inventoried, generic Average of 15 sawmills. 
Sawmill data is from 1996 
and forestry data from 2000. 
Use only virgin materials 

Glulam EPD for 
Moelven [17] 

1997 Inventoried, 
company specific 

Use only virgin materials 

Plywood EPD for 
Vänerply [18]  

1997 Inventoried, 
company specific 

Use only virgin materials 

Particle 
board 

EPD for 
Byggelit [19] 

1998 Inventoried, 
company specific 

Use only virgin materials 

CLT EPD for 
Martinsons [20] 

2002 Inventoried, 
company specific 

Sawmill data is from 1996 
and forestry data from 2000. 
Use only virgin materials 

Parquet 
flooring 

Trätek LCI 
library [21] 

2010 Inventoried, generic Use only virgin materials 

MDF 
board 

EPD for Karlit 
[22] 

1999 Inventoried, factory 
specific 

Use only virgin materials 

 
4.1.2 Mineral-based materials 
The inventory data used to model the background systems for the mineral-based products 
comes mostly from the study LCA of Building Frames [15]. On the other hand, gravel 
production is modelled using Ecoinvent data, while producer-specific data from an EPD 
is used for glass wool [23]. Every multi-output process and recycling loop is dealt with 
using physical allocation (mass). The study does not specify the share of CO2 emissions 
generated by the calcination process in concrete production. A description of the data sets 
used for the mineral-based products is displayed in Table 5. 

Table 5 Inventory data sets used for the mineral-based materials 
Material Data source Year Type of data Comments 

Concrete, 
Gypsum 
board 

LCA of building 
frames [15] 

1997 Literature, generic 
for Sweden 

Use only virgin materials 

Stone wool 
insulation 

LCA of building 
frames [15] 

1997 Literature, generic 
for Sweden 

Use only virgin materials 
Average of 3 different 
producers. 

Glass wool 
insulation 

EPD from 
Gullfiber [23] 

1998 Literature, producer 
specific 

Use of 70% recycled glass 

Asphalt LCA of roads 
[24] 

1995 Literature, generic 
for Sweden 

Use only virgin materials 

Glass Environmental 
report from 
Pilkington [25] 

2001 Literature, company 
and process specific 
(Halmstad, Sweden) 

Use only virgin materials. 
 

Gypsum 
filler 

Ardex product 
information[26] 

2011 Environmental 
profile modelled 
after product content 

Inputs for 1,4 kg are 
calcium sulphate (0,95kg), 
limestone (0,04kg), water 
(0,5kg), and glue (0,01kg). 

Mortar Trätek LCI 
library [27] 

2001 Literature, generic Use only virgin materials 

Gravel ELCD database 
2.0 [28] 

2010 Literature, European 
Average 

Use only virgin materials 

Ceramic Ecoinvent [29] 2003 Literature, producer Gate to gate data for oxidic 
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tiles specific 
(Switzerland) 

ceramics.  
Use virgin materials 

 
4.1.3 Ferrous and non-ferrous metals 
Most of the inventory data used to model the production systems of metal products was 
obtained from the LCA of Building Frames study [15] and the report Life Cycle Inventory 
Data for Steel Products [30]. Every multi-output process and recycling loop is dealt with 
using physical allocation (mass). The data sets used for the metal products are described 
with more detail in Table 6 and Table 4. 

Table 6 Inventory data sets used for metals 
Material Data source Year Type of data Comments 

Steel jointing 
materials 

LCA of 
building frames 
[15] 

1997 Literature, 
generic 

Use 50% of recycled steel 
and 50% of virgin raw 
materials 

Reinforcing 
steel 

LCA of 
building frames 
[15] 

1997 Literature, 
generic 

Use 50% of recycled steel 
and 50% of virgin raw 
materials 

Steel plate LCA of 
building frames 
[15] 

1997 Literature, 
generic 

Use 62,5% of recycled steel 
and 37,7% of virgin raw 
materials 

Galvanised 
steel 

LCI data for 
Steel Products 
[30] 

2001 Literature, 
generic 

Use 7,2% of recycled steel 
and 92,8% of virgin raw 
materials 

Aluminium Aluminium I, 
IDEMAT 
database [31] 

1996 Literature, 
average 
suppliers from 
Netherlands 

Use only virgin materials 

Copper Copper I, 
IDEMAT 
database [32] 

1994 Literature, 
average world  

Use 20% scrap from long 
distance and 80% of virgin 
copper. 

 
4.1.4 Glass fibre reinforced plastics (GRP) 
Since Swedish specific data for GRP was not available, Ecoinvent data is used instead. 
The dataset is an average for European production, obtained from the Ecoinvent database 
[39]. No recycled materials are used in the model.  
 
4.1.5 Windows and doors 
The background production system for windows and doors was modelled using company-
specific EPD inventory data from a Swedish windows manufacturer [40] and doors 
manufacturer [41]. Neither dataset includes the use of recycled raw materials, whereas 
physical allocation is used. 
 
4.1.6 Paint  
The paint used on interior wall surfaces and ceilings was assumed to be water-borne. 
Company-specific data was used to inventory the system for paint production from Alcro, 
a paint producer in Sweden [42]. The dataset was modelled using the product content, and 
different databases were used for the background system. The raw materials used are 
100% virgin, and allocation issues are dealt using physical allocation. For 1,3kg of the 
product the inputs are among others acrylic dispersion (0,325kg), kaolin (0,065kg), 
Limestone (0,065kg), TiO2 (0,17kg) and talc (0,075kg). 
 
4.1.7 Plastics, glues and adhesives 
Oil-based plastic products such as polymers, glues and adhesives are modelled using 
different sources. Some of the materials were modelled using Ecoinvent datasets, which 
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featured data from the ELCD and from Plastics Europe. These data sources often include 
feedstock energy for plastics, which is not included in this study for any material. This is 
why the feedstock energy was removed for the datasets for polyurethane, polypropylene 
and EPS. Allocation issues are dealt with using physical allocation (energy). The data sets 
used for the plastic products are described with more detail in Table 7. 

Table 7 Inventory data sets used for plastics, glues and adhesives 
Material Data source Year Type of data Comments 

Low density 
Polyethylene 
film 

Ecoinvent [31] 2010 Literature, 
average 
European  

Data from Plastics Europe’s 
eco profiles. 
Use only virgin materials 

High density 
polyethylene 

Ecoinvent [31] 2010 Literature, 
average 
European  

Data from Plastics Europe’s 
eco profiles. 
Use only virgin materials 

Polypropylene ELCD 
Database 2.0 
[32] 

2010 Literature, 
average EU-27 
data 

Use only virgin materials. 
Dataset includes feedstock 
energy. 

Polyurethane 
foam 

Ecoinvent [32] 2003 Literature, 
average 
European 
modern 
technology 

Average values added for 
transport and infrastructure. 
Use only virgin materials 
Dataset includes feedstock 
energy. 

PVC wall 
sheet 

Tarkett product 
information 
[32] 

2011 Environmental 
profile modelled 
after product 
content 

Input for 1kg are aluminium 
hydroxide (390g), PVC resin 
[37] (520g), dimethyl p-
phthalate [38] (210g), 
limestone (330g) and TiO2 
(20g) 

EPS sheet Ecoinvent [34] 2009 Literature, 
average from 
Germany and 
USA 

Data applicable to Europe. 
CO2 used as blowing agent. 
Use only virgin materials. 
Dataset includes feedstock 
energy. 

PVC Ecoinvent [31] 2009 Literature, 
average 
European 
technology  

Average transport to regional 
storage included. 
Use only virgin materials 

EPDM rubber ETH-ESU 
database [35] 

1996 Literature, 
average 
European 
technology 

Use only virgin materials. 

PVA and 
MUF glue 

Casco products 
[36] 

2001 Inventoried, best 
available 
technology, 
company 
specific 

Use only virgin materials. 

 
4.1.8 Electricity 
Many of the background processes modelled for the production phase of the building and 
building materials require electricity as an energy input. Most of these processes take 
place in Sweden, but even if they don’t, a Swedish electricity mix would make the 
inventory data more representative of Swedish production. This is why a Swedish 
electricity mix dataset was created, based on inventory data from an LCA performed by 
Vattenfall, the biggest energy company in Sweden for their electricity production [43]. 
This study includes electricity production from all the different sources used in Sweden 
by Vattenfall. Moreover, the share of electricity produced from each source is modelled 
after statistics from the Swedish energy agency [44], whereas allocation issues are dealt 
with using physical allocation (energy). 
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4.2 Construction of the building 
The construction stage of a building is often regarded as less environmentally and energy 
intensive than the other production stages. This has been found in different studies 
[3,4,15]. This is why the criteria for data quality and data representativeness to model this 
life cycle stage was not as strict as other life cycle stages, as the contribution to the 
overall environmental impact will probably be relatively low.  
 
As can be observed in Figure 7, two main processes take part in the construction phase; 
the transport of the materials to site and the construction activities. For the transport, a 
generic distance of 100 km of transport was assumed for all the materials to be 
transported to the site using 32 ton Euro 6 type trucks. This process may differ for the 
volumetric modules system to the other design alternatives, as the volume modules are 
produced in a factory, transported altogether to the site and mounted on site in reduced 
time. This may vary not only the impact from transport, but also the impact from the 
construction activities as it does not require extended activity or installations for workers. 
This uncertainty is partly covered by a sensitivity analysis in section 5.3.  
 
As for the construction activities and the amount of electricity required, an energy use 
factor of 60 MJ per square meter of living area was used [15]. It has been assumed that all 
the energy used is electricity following also Björklund & Tillman’s report, and for this the 
same Swedish electricity mix explained in the previous section was used. Nevertheless, 
this value does not seem to account for additional energy requirements for concrete 
construction such as energy for drying for concrete or higher energy use due to longer 
construction process. Furthermore, the material losses during the construction activities 
were calculated based on loss data from Björklund & Tillman’s study, but were added as 
extra materials for the production phase. As for the handling of these losses as waste, it is 
included in the waste scenario at the end-use phase.  
 

 
Figure 7 System model for the construction of the building. Elementary flows are not displayed 

for simplification 
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4.3 Building service life 
The link between the construction phase of the building and the use phase is the reference 
flow of this study; square meters of living area for one hundred years, the building itself. 
After this, the process of using the building starts, a process which many studies have 
found to be the more environmentally and energy intensive [2,3,4]. This is due to the long 
service life of buildings, and the constant energy requirements for living. This study 
includes three different inputs for this process; heat (both for apartment and tap water 
heating), electricity and materials for maintenance, as can be seen in Figure 8.  
 

 
Figure 8 System model for the use phase of the building. Elementary flows are not displayed for 

simplification 
 
Many other studies have focused before on the background systems for energy production 
for buildings and all the analyses of different scenarios, and even as these processes are 
the ones with the highest potential impact, they rely heavily on other systems of the 
technosphere which are not in focus in this study. This is why they have been modelled in 
a rather simple way. Since the location of the building is known and established, only 
company-specific data from the local energy supplier has been used [45]. Electricity and 
heat are produced from biomass and waste in a CHP plant. The environmental impacts 
have been allocated physically using energy, and no credit has been given to the use of 
waste. The background systems for energy and their future changes always bring many 
uncertainties, which have been handled partly in the sensitivity analysis in section 5.3. 
 
The energy requirements of the building were calculated using the VIP+ software, 
dynamic simulation software. An energy balance was performed for each building design, 
and the requirements of heat and energy in order to provide a weather-safe environment 
in the living areas (including thermal mass) were calculated per year. The specific 
conditions and criteria used for the modelling are described in appendix C. These 
simulations were conducted as part of the €CO2 project by Linnaeus University [57]. 
Moreover, the data used to estimate the primary energy use for the operation phase of the 
original wood-frame and original concrete-frame building designs was obtained from 
Dodoo et al. 2012 [58]. 
 
In the materials side, the lifetime of building products is always a major source of 
uncertainty. The life span declared by the manufacturer is often used, but the maintenance 
routines, the quality of the construction works, customer preferences and owner changes 
may affect the life span of the materials. These phenomena are beyond the scope of the 
study as well, so a set of simple assumptions were adopted for these flows. The 
maintenance requirements included in the study are shown in table 8. 
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Table 8 Maintenance activities included in the study for one hundred years lifetime of the building 
Maintenance Activity Frequency 

(years) 
Materials required 

Re-plastering the façade 
 

30 Mortar 

Replacing the asphalt sheeting in the roof 25 Asphalt 
Interior painting of windows (assuming 70% of paint 
required for one window is used for the interior) 

20 Paint 

Interior walls painting 
 

10 Paint 

Replacing of the wood floorings 30 Lamella parquet 
flooring 

Replacement of the plastic carpet in bathrooms 25 PVC sheet 
 
4.4 Concrete carbonation 
Concrete carbonation is a phenomenon that cannot be overlooked in a full LCA for 
buildings. If exposed to oxygen, concrete re-absorbs part of the carbon dioxide emitted 
during the calcination process in production of cement. Even if the amount of re-absorbed 
carbon dioxide is not accounted for as a negative value in the carbon footprint of the 
building (as has been done for this study), it is worth including it in the calculations and 
show it in order to have a more holistic approach as the €CO2 project intends to.  
 
In order to calculate the amount of carbon dioxide absorbed during the use phase of the 
building, a methodology developed by the Swedish Cement and Concrete Research 
Institute – CBI was used [47]. This methodology calculates the absorbed carbon dioxide 
as a function of the exposed concrete surface, the time of exposure and a correction factor 
which depends on the kind of environment that the concrete is exposed to, the quality of 
the concrete and the kind of surface protection in the concrete. The correction factor 
values used in this study are summarized in table 9. 

Table 9. Correction values calculation for the case study. Data from section 5,2. and tables 2, 3 
and 4 of CBI’s report Carbon Dioxide uptake during concrete life cycle [47], assuming concrete 
strength of 30 MPa and Portland cement type with 15% limestone. 

Concrete 
location 

K Values 
(mm) 

Surface protection 
correction 

Binder 
correction 

Final factor 
Value (m) 

Time span 
(years) 

Indoor  
concrete 

6,00 0,70 1,05 0,0441 

100,00 

Outdoor 
sheltered 
concrete 

4,00 0,90 1,05 0,0378 

Outdoor 
exposed 
concrete 

1,50 0,90 1,05 0,0142 

Basement in 
ground 
concrete 

1,05 1,00 1,00 0,0105 

 
4.5 End-use waste treatment  
There are big uncertainties for modelling the end-use stage of products with long life 
spans such as buildings. Modelling accurately waste treatment processes and scenarios in 
one hundred years is not possible, as it would take extensive work in trend analysis and 
scenario modelling. These questions may be out of the scope of this study as well, but are 
also an obstacle for having a holistic view of the carbon footprint of wooden buildings. 
Nevertheless, as these questions are mainly related to potential environmental benefits, 
they will be discussed in the next section. 
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Due to uncertainties from the assumptions made and in order to follow the modules 
proposed by the EN 15978 standard, specifically module D [12]; the system model for the 
end-use stage of the building includes only treatment processes and their environmental 
impact as can be seen in Figure 9. The environmental benefits have not been accounted 
for at this stage.  
 
Only Ecoinvent data was used to model the waste treatment processes. This data 
represents European technology, as Swedish specific data was not available. 
Nevertheless, the Ecoinvent data may be a better approximation of future processes as it 
represents modern technologies specific for building waste. 
 
The Swedish waste management plan for 2012-2017 has set a goal for Sweden to recycle 
or reuse 70% of the building waste produced in the country [48]. This is why 70% of the 
waste was assumed to go to recycling processes and the remaining waste to treatment 
processes, with no landfilling taking place as it was not contemplated in the waste 
management plan. Nevertheless, a slightly higher reuse for energy production 90% was 
assumed for wood waste based on the fact that Swedish laws require avoiding wasting 
wood by-products. 
 
Finally, the data for energy requirements of demolition was obtained from the LCA of 
Building Frames study [15], and the separation of waste was assumed to take place at the 
demolition site so no additional transport or processes are required for separation. 
 

 
Figure 9 System model for the end-use phase of the building. Elementary flows are not displayed 

for simplification 
 
4.6 End-use potential benefits 
For the analysis of future waste scenarios, it was considered that the differences in the 
processes will affect equally the systems of all the wood frame designs. Meanwhile, the 
most interesting differences from a carbon footprint point of view would be between the 
concrete and wood frame alternatives, as each of them have different carbon implications 
and potential benefits that should be explored. In this additional module, these carbon 
implications are to be explored with a focus only on the potential benefits from wood 
products and concrete. 
 
Wood waste is commonly used to produce energy. It is assumed that the demand for 
renewable energy will increase in the future, and so the wood waste in the building will 
be used for energy production. Here, a substitution effect is applied, as it is assumed that 
the energy produced from the wood waste will replace fossil fuels. The total energy 
potential of the wood waste after the building demolition was calculated assuming a 90% 
recovery rate of the wood (as explained in the previous section) and an 18,6 MJ/kg dry 
energy content. The environmental burden from producing this amount of energy from 
coal, oil and natural gas was modelled using Ecoinvent data. 
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Another potential indirect benefit from the use of wood products is the storage of carbon 
dioxide. It was mentioned before that the carbon uptake of wood products in the forest 
system would not be taken into account, but there are indirect benefits of storing carbon 
for one hundred years in the building besides the fact that it is there and not in the 
atmosphere. These are related to biomass re-growth and radioactive forcing [49]. So, even 
as there is not a standardised way to account for these benefits, and thus they are not 
considered in the carbon footprint of the building designs, it is worth calculating the 
amount of carbon dioxide stored. This storage amount was therefore calculated assuming 
a carbon dioxide uptake of 1,87 kg per kilogram of dry mass in the wood, assuming 
moisture content of 15%. Rather than accounting them as part of the carbon footprint 
calculation, these values are displayed only to illustrate the possibility of potential 
additional benefits from storing carbon in the building. There is a proposed method in the 
EN 16485 wood product PCR standard under development [46], which has not been 
applied to the calculations in this study or displayed the result in module B since there is a 
lack of consensus about this issue yet. 
 
On the concrete side, it was assumed that the concrete will be crushed and exposed to the 
air during one year, thought the energy required for crushing is not included. During this 
time of exposure, one-half of the calcination CO2 emission would be reabsorbed by 
carbonation uptake according to the findings of Gustavsson [51]. As it was mentioned 
before, the data used to model the concrete system does not specify the share of the 
emissions coming from this specific process, so a share of 50% was assumed.  
 
4.7 Excluded processes 
Starting at the production phase, some materials and components for the building finishes 
and building services were excluded from the study, as they are assumed to be the same 
for all the design alternatives. The excluded processes are not expected to be influential 
on the results or the function of the building as protection from external weather, which is 
under focus. The excluded processes and materials from the production phase are 
summarized in table 10. 

Table 10 Summary of the processes excluded from this study per life cycle stage 
Life cycle stage Excluded processes 

Production phase Hydro sanitary equipment and system, such as water pumps, pipes 
and tanks. 
Elevator and elevator motor. 
White goods for laundry areas and kitchen. 
Domestic electronic equipment such as TV-sets, computer, etc. 
Electric equipment such as transformers and electric station. 
Lighting equipment. 
Domestic furniture, such as kitchen cabinets, closets, living room 
furniture, beds and tables. 

Construction phase Ground works and landscaping. 
Storage of products and provision of heating. 
Transport of materials within the site. 
Temporary works. 
Water use for cooling of construction machinery. 
Temporary facilities for personnel. 

Use phase Repairing and refurbishing activities. 
Operational water use. 

End-use phase Waste separation or transport to sorting stations. 
 
Specific information about the excluded processes in the datasets used for the production 
phase can be found following the references in the tables 4 to 7.  
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5 Impact assessment 
 
This section presents the results obtained from assessing the carbon footprint and 
cumulative energy demand for the model described in previous sections. The results are 
displayed graphically, including selected data. A more complete summary of the impact 
assessment results can be found in appendix B. 
 
5.1 Greenhouse effect 
 
The results for the greenhouse effect impact category are displayed in figure 10 and 
figure 11. While figure 10 shows only the carbon footprint from the production phase, 
figure 11 shows the carbon footprint for the whole life cycle of the building. Both figures 
show the total carbon equivalents per square meter of living area. 
 
The contribution from different kinds of materials to the total carbon footprint of the 
production phase can be observed in figure 10. The materials were grouped and 
aggregated to simplify the figure. Furthermore, all bio-based materials are included as 
part of the “Wood and wood materials” group. 
 

 
Figure 10. Greenhouse effect for the production phase of the eight design alternatives, measured 
in kg CO2 equivalents per m2 of living area and calculated using the Greenhouse Gas Protocol 
 
Meanwhile, figure 11 shows the carbon footprint for the whole life cycle of each of the 
analysed designs. The results are distributed per life cycle stage, a distribution which is 
aligned with the module division in the EN 15804 standard. The results displayed under 
“Module D” correspond to the environmental benefits from an end-of-life scenario in 
which all the bio-based products are incinerated to produce energy, and this energy 
replaces energy from coal.  
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Figure 11. Greenhouse effect for the whole life cycle of the eight design alternatives, measured in 
kg CO2 equivalents per m2 of living area and calculated using the Greenhouse Gas Protocol 
 
5.2 Cumulative energy demand (CED) 
The results for CED from non-renewable sources and from renewable sources are shown 
separately for the production phase and for the whole life cycle of the building designs. 
Figure 12 and Figure 13 show the CED for the production phase, including the 
contribution from different groups of materials. 
 

 
Figure 12 Cumulative Energy Demand (non-renewable energy) for the production phase for the 
eight design alternatives, measured in kWh per m2 of living area. 
 
Meanwhile, Figure 14 and Figure 15 show the CED for the complete life cycle of the 
building. Similar to the previous section, the life cycle stages in the figure correspond to 
the modules suggested by the EN 15804 standard.  
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Figure 13 Cumulative Energy Demand (renewable energy) for the production phase for the eight 
design alternatives, measured in kWh per m2 of living area. 
 

 
Figure 14. Cumulative Energy Demand (non-renewable energy) for the whole life cycle for the 
eight design alternatives, measured in kWh per m2 of living area.  
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Figure 15. Cumulative Energy Demand (renewable energy) for the whole life cycle for the eight 
design alternatives, measured in kWh per m2 of living area. Note that the vertical axis scale is 
different in figures 14 and 15 respectively. 
 
5.3 Sensitivity analysis 
In this section, the results from a sensitivity analysis will be shown. In simple words, a 
sensitivity analysis is carried out in order to determine how sensitive the results, obtained 
in an LCA study, are to specific aspects of the methodology followed to obtain them. The 
selection of these aspects is open for the practitioner to decide, and could be related to the 
data used, system boundaries or excluded processes.  
 
For this study, the sensitivity of the results to two methodological choices is analysed; the 
choice of the data for the heat supply in the use phase and the exclusion of the additional 
transport required for the transport of the modules for the volumetric modules system. 
 
5.3.1 Sensitivity to the energy supply data 
As described in section 4.3, the inventory data used to model the heat supply system in 
the use phase was obtained from Växjö Energi AB, the local energy supplier which relies 
mainly on bioenergy. Even as bioenergy is used extensively in Sweden, this situation 
does not represent the average heat production in the country. This is why a sensitivity 
analysis was carried out using a country average for heat production. 
 
Statistical data were used to model this average production. The supply mix was 
modelled after the 2010 report on total energy use for space and tap water heating in 
multi-dwelling housing [14]. These numbers provided the distribution of the heat 
production in Sweden by type of plant. District heating dominated this distribution with 
26,7 TWh (92% from the total production). Since the environmental impact from district 
heating plants in Sweden depend on the kind of fuel used, this percentage was further 
distributed by kind of fuel. This was done using the 2009 energy balance sheet, or total 
amount of different fuels used to conversion to other energy carriers by district heating 
industries in Sweden [52]. The inventory data for each type of plant was obtained from 
Ecoinvent datasets on heat production, mostly for European average technology. 
 
The results of the sensitivity analysis are displayed in Figure 16. The figure shows the 
carbon footprint from the use phase for each design alternative, both modelled using local 
data and the Swedish average. For every design alternative, the carbon footprint was 
around 30% higher if modelled with a Swedish average. 
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Figure 16 Greenhouse gas emissions from the use phase operational energy, using local data and a 

Swedish supply mix for heat production 
 
 
5.3.2 Sensitivity to additional transport for the volumetric 

modules system 
As mentioned in section 4.2, the transport of the modules from the factory to the building 
site was excluded. The rationale behind this exclusion is that it depends exclusively on 
the specific location of the construction company behind the project and the location of 
the building site, two variables too specific of each project. This means that the case 
analysed might not be fully representative of this kind of projects in general, and since 
comparing different companies is not the focus of this study, it was excluded from the 
inventory. Moreover, the influence of this additional transport is worth exploring at least 
in the sensitivity analysis in order to see how much it would affect the results.  
 
The additional transport was modelled using datasets developed by SP Trä, based on 
NTM data for 60 ton Euro 3 vehicles [53]. The carbon footprint corresponds to the 
transport of 268 Ton, the total weight of the materials excluding the ground slab and the 
roof, through a distance of 1306 km, the road distance between Piteå and Växjö. The 
additional transport was modelled to fit the specific situation of the project. 
 
The results of this sensitivity analysis can be seen in Figure 17, where the carbon 
footprint of the construction stage is shown for all the design alternatives and including 
the additional transport for the volumetric modules system. As it can be observed, the 
inclusion of this transport almost doubles the carbon footprint of the construction process. 
Nevertheless, if compared with other life cycle stages with higher contributions to the 
total carbon footprint of the building; the construction phase is still relatively much lower. 
The carbon footprint of the production phase is around six times higher and the use phase 
for the standard building design is around twenty times higher. 
 
It could be argued that the amount of transportation required would be defined by the 
volume of the modules rather than their weight. Furthermore, transport of modules in 
Sweden requires additional vehicles in front and behind the transport trucks. These issues 
are not explored in this study, but included as potential further research. 
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Figure 17 Greenhouse gas emissions from the construction, including the transport of the modules 

from Piteå to Växjö in the volumetric modules system. 
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6 Results interpretation 
 
In this section, the results shown in section 5 will be analysed. Since the focus of this 
study is to investigate the role of wood and bio-based materials in general in the carbon 
footprint of buildings, the coming discussion will be focused on the influence of the use 
of wood in every life cycle stage. Furthermore, the results obtained for different building 
systems and energy efficiency standards will also be analysed. 
 
6.1 Greenhouse effect 
It takes just a quick overview of figure 11 to realize that the use of wood in buildings can 
potentially reduce their carbon footprint. It is noticeable as well that most of the 
greenhouse gas emissions occur during the operation phase, more specifically from the 
operational energy use of the building. It might be argued that the use of wood or other 
materials in the structure or the selection of building system does not have much 
influence in the dominant process, which is the supply of operational energy. 
Nevertheless, in Figure 11 it can be observed that the shift to more energy-efficient 
designs makes the operation phase less dominant, making the production stage and the 
end of life stage more relevant.  
 
Starting with a closer look to the production phase in figure 10, there is almost a 60% 
increase in the carbon footprint from the production of a concrete-design building. It 
should also be noted that the concrete design analysed in this study contains wood-frame 
in-fill exterior walls, which means that this difference would increase with steel stud in-
fill walls or concrete sandwich panel walls that are increasingly used today. The 
difference between different building systems for wood construction is minimal, with the 
column-beam system being the one with a higher carbon footprint. This is mainly because 
the column-beam design modelled in this study includes more concrete than the others for 
the elevator-stairs structure. 
 
Wood materials account for around 10% of the total carbon footprint of the production 
phase, while their share of the total material mass in the building is lower, but differs for 
each building system. It can be seen in Figure 10 that mineral-based materials such as 
concrete, gypsum board, mineral insulation and glass contribute most to the total carbon 
footprint of the production phase. As an example, the mineral insulation accounts for only 
1,5% of the total material mass but for 15-20% of the carbon footprint depending on 
building system and energy efficiency category. 
 
Another interesting aspect is that the shift to a more energy efficient passive house design 
has a very small carbon cost in the production phase. Going from a standard design to a 
passive house design implies a rise of about 3% of the carbon footprint in the production 
phase, but at the same time reduces around 50% the carbon footprint in the operation 
stage. Other studies have reached similar conclusions and studied this issue further 
[54,55]. 
 
Concrete buildings have naturally a higher total material weight, so they require more 
energy for construction and transport activities. This is why the carbon footprint from the 
construction process phase for the wood building designs is lower than for the concrete 
frame design. However, the contribution of the construction phase to the total carbon 
footprint of the building is so small that the benefits from using wood construction are 
minimal in the construction stage. An aspect that is not covered by the assumptions in this 
study, however, is the potential energy need for drying and heating the building during 
the typically longer construction time for the concrete structure building. 
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Moreover, the sensitivity analysis carried out for the transport of the modules from the 
factory to the building site for the volumetric modules system and described in section 
5.3.2 showed that despite doubling the greenhouse gas emissions from the construction 
phase, the influence over the total carbon footprint of the building is minimal. 
Nevertheless, this result is influenced directly by the distance between the factory and the 
building site and the transport mode; so it is important that this issue is analysed carefully 
for specific project circumstances. 
 
The contribution from the use phase maintenance activities included in this study is quite 
small, being only around 20% of the greenhouse gas emissions of the production phase. 
The carbon emissions from these activities were very similar for every design, which 
means that the use of wood in the building structure has little influence in this life cycle 
stage. On the other hand, the use stage maintenance activities are surrounded by big 
uncertainties and subjective assumptions as it is influenced by many other factors than the 
durability of the materials used such as customer behaviour, the real service life of the 
building or good practices during the construction activities. This is why further research 
is needed to analyse the environmental impacts of this stage. 
 
The re-absorption of CO2 by the concrete during the operational stage via carbonation 
processes can be regarded as relatively small, as it is only around 13% of the CO2 
emissions from the production of concrete. The main reason for this low value is the fact 
that only the concrete surfaces which are exposed to air can absorb carbon dioxide, 
meaning that in most of the surfaces in the building carbonation cannot be expected to 
take place. 
 
As mentioned at the beginning of the section, the influence of the choice of building 
system on the operational energy use is minimal. The amount of energy required for the 
use stage is very similar for different building systems under the same energy efficiency 
standard. The difference between the original designs with wood and concrete frame is 
less than 1%. The key aspect that influences the greenhouse gas emissions from this stage 
is clearly the energy efficiency standard for which the building is designed. As was also 
mentioned before, this means that with more strict energy efficiency requirements for 
buildings, other stages shall become more influential to the total carbon footprint of the 
building. For these other stages, the role of wood is more important and using wood 
materials brings higher potential for decreasing greenhouse gas emissions. 
 
Another aspect that influences greatly the carbon footprint from the use stage is the 
energy supply system used in the model. This was confirmed in the sensitivity analysis, 
where using an average country mix instead of local data caused a 30% difference in the 
results. This difference in the operational use stage is quite important, as this stage is the 
major contributor to the total carbon footprint. The heat and electricity supply systems 
have no relationship to the use of wood or other materials in the structure, and depend on 
other aspects that are not part of this study. Nevertheless, an important finding from this 
is that the operational use stage should not be on focus when the intention is to compare 
different structures or material alternatives when they are designed under the same energy 
efficiency standard and for the same location. 
 
Finally, since buildings are long-lasting products and their service life might go as long as 
one hundred years or more, the end of life stage is full of uncertainties regarding the 
prediction of future systems. First, the prediction of waste management systems for 
building materials, as it is not clear whether the materials will be recycled, reused or used 
for energy production, or if the current technologies and the inventory data available for 
them are representative of the processes that will take place. Second, for scenarios where 
waste is used to produce energy, it is unclear what kind of energy system will be 
replaced, and what will be the marginal change in these systems. For the scenarios 
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modelled in this study, the greenhouse gas emissions from the disposal processes of the 
building materials are fairly similar among all the designs analysed. Moreover, the 
environmental benefits beyond the system boundaries are more of interest, as the 
structural elements system design (which use more wood materials) represent almost 
twice the benefits compared to the concrete design. In this case, the bioenergy potential in 
the end of life was assumed to substitute energy from coal, representing the worst case 
scenario. Whatever the case, there is for sure more energy stored in wooden buildings, 
which will be available at the end of life no matter which energy system it substitutes. 
 
6.2 Cumulative energy demand 
The results from the energy demand calculations should be analysed with a different 
perspective. Rather than looking only at the amount of primary energy required, the kind 
of energy should be taken into consideration as well. For some authors, energy demand 
can be seen as an indicator of environmental impact, but not precisely as an impact 
category [56]. In simple words, it might suggest trends regarding general environmental 
performance, but it should not be used as a stand-alone impact category. 
 
Starting with a look on the production phase in Figure 12 and Figure 13, it can be 
observed that every design uses more non-renewable energy than renewable energy, 
being in average 75% of the total energy the former and 25% the later. The difference in 
total energy demand between the concrete and the wood structure designs is not 
significant, but the share of non-renewable energy for the concrete design is 88%, which 
is higher than for the other designs. The total amount of primary energy required for the 
production of the different designs and the distribution between renewable and non-
renewable energy is roughly the same, as the column-beam system shows a slightly 
higher non-renewable energy demand due to the additional concrete for the stairs and 
elevator structure. This indicates that the choice of building system has little implications 
regarding the energy demand of the production stage, which means that the differences in 
the carbon footprint are due to an increased use of fossil fuels in the production stage 
together with the concrete calcination process. Meanwhile, the difference in total energy 
demand between standard design and passive house design is around 4% for the three 
building systems; which means that the shift to more energy efficient designs has a 
relatively small additional primary energy cost.  
 
Looking at the material contribution for the non-renewable energy, there is a clear 
dominance by concrete and steel in the concrete design. As for the wood designs, plastics 
and adhesives tend to be dominant, with important contributions from the wood materials, 
gypsum board and mineral insulation as well. In the case of mineral wool and wood 
materials, it can be attributed to the electricity requirements for their production process, 
which are supplied mainly by the nuclear energy in the Swedish electricity mix. In the 
renewable energy side, wood materials are highly dominant, due to the high amount of 
bioenergy used in the sawmill processes. 
 
In Figure 14 and Figure 15 the whole life cycle primary energy demand can be observed. 
The operational use stage dominates the life cycle primary energy demand, especially in 
the renewable energy side. The amount of renewable primary energy is especially high 
for the use phase due to the 95% share of bioenergy reported by the local energy supplier 
in Växjö. As in the case for the carbon footprint, the primary energy demand and its 
distribution between renewable and non-renewable for this stage depend a lot on aspects 
not related to the choice of material or structure like the energy supply system or the 
energy efficiency standard used for the design. The former can be observed in the figures, 
as there is a clear difference between standard and passive house designs. 
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The assumed service life of one hundred years also has a direct influence in the results for 
the operational energy stage. The real service life of the building can be influenced by 
many factors besides the durability of the materials; external factors such as consumer 
behaviour, shifts in the use of the land and political decisions which are beyond the scope 
of this study. In an alternative scenario where the building would last less than one 
hundred years, the primary energy demand as well as the carbon footprint or any other 
impact category would be directly influenced, in the sense that the environmental impact 
from the operational stage would be reduced. This reduction would also affect the 
dominance of the operational stage, which would make the production phase and the end 
of life stage more relevant as well. 
 
The energy demand for the construction process stage is fairly similar for all the wooden 
designs included in the study. As for the concrete design, the non-renewable energy 
demands for its construction activities are almost twice those for the wooden designs. 
This is understandable as the total weight of materials in the concrete design more than 
doubles the all the others. Nevertheless, the construction activities were modelled based 
in the assumption that all the energy used was in the form of electricity may influence 
these results, as well as the results for the carbon footprint. The contribution from the 
construction activities to the total non-renewable energy demand of the building’s life 
cycle is in average 7% for the wood designs and 12% for the concrete design. This 
difference in contribution should be outlined, as this could indicate further environmental 
benefits than carbon footprint reduction by the use of wooden structures, which proved to 
be minimal for the climate change category. 
 
The end of life stage shows a different trend, as its contributions for the total energy 
demand are about half of the contribution from the construction activities. This means 
that using wood seems to influence the results less for the disposal processes than for the 
other stages. On the other hand, the potential benefits beyond the end of life are much 
higher for designs with high contents of wood, the same case as for the carbon footprint. 
Whatever is the case, there is an important amount of energy stored in wood products 
which will be available at the end of the service life of the building. 
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7 Conclusions 
 
The use of wood and bio-based materials in buildings can potentially decrease the carbon 
footprint of buildings. This potential can be seen in the production stage, the construction 
activities and the end-of-life stage; being highest for the production stage due to an 
increased use of non-fossil renewable energy sources. Furthermore, buildings with a 
higher content of wood materials have higher potential environmental benefits beyond the 
end-of-life disposal from using them for energy recovery. Lastly, an additional benefit of 
increased use of wood in building structures is the long-term temporal storage of CO2 in 
the built-in wood products, which has an effect on climate change. 
 
The choice of wood building system does not seem to have a major influence in the 
carbon footprint of the building. Even though it is possible that with increased distance 
between the factory site and the building site, the use of the prefabricated systems may 
increase the contribution from the construction activities. However, for this specific case 
study, the additional transport requirements seem to have a low influence on the final 
results. 
 
Even as the operational stage results are the dominant due to the operational energy 
supply, the use of wood materials in the design and the choice of building system do not 
influence this outcome significantly. It is mostly influenced by the energy efficiency 
standard followed in the design and the energy supply system used in the inventory. This 
means that for more energy efficient building designs or buildings supplied from energy 
systems with lower carbon footprint, the production and end of life stages are more 
relevant. Thus, the potential relative carbon footprint reduction from using more wood in 
the design would be even higher. Moreover, the results show that the additional emissions 
in the production phase caused from the shift from the standard to the passive house 
design are quite low, compared with the reduction of the emissions in the operational 
stage.  
 
The increased use of wood materials in the design does not seem to significantly 
influence the total amount of primary energy required for the building’s life cycle. 
Nevertheless, designs with higher wood material content required a lower share of energy 
from non-renewable sources. The energy demand is also dominated by the use phase, and 
is highly influenced by the energy efficiency standard and the chosen supply system as 
well as the carbon footprint. Wood building designs showed lower energy demand for the 
construction activities and the end of life stage, but this difference is not significant. 
 
Finally, mineral-based and fossil-based materials contribute more to the carbon footprint 
of the production phase than wood and bio-based materials. Materials such as gypsum 
board, concrete and mineral wool present higher contributions to the carbon footprint of 
the production phase for every design; which means they present the highest potential for 
lowering further the carbon emissions from production, either by substitution or process 
optimization. Plastic materials dominate the energy demand, especially for non-renewable 
energy.  
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8 Further work 
 
The results from the work described in this report have a strong focus on carbon footprint 
and greenhouse effect, as they are based on a project dealing with these specific issues. If 
this line of work is to be continued, broadening the study to additional impact categories 
is a path worth following, even including aspects such as resource use and land use 
change. This would result in a more complete idea of the role of wood materials in the 
environmental impacts of the building’s life cycle. 
 
The designs included in this study are representative of common current practices in the 
Swedish wood construction sector. Future studies can then focus on future scenarios, and 
how alternative novel designs would perform regarding environmental impacts. Since 
there is a current trend of using designs with high energy efficiency, it would be of 
interest to assess what would be the role of wood in buildings where the use stage impacts 
are significantly lower. Additional scenarios can be included where bio-based alternatives 
replace mineral or fossil based materials, in designs where the production and end of life 
stages are more relevant. 
 
For the construction phase, it would be interesting to further investigate the influence of 
different levels of factory prefabrication. This will influence the amount of transportation 
required as well as the energy use and environmental impact of the construction work at 
site and in the factory. 
 
Use stage maintenance and building service life are big sources of uncertainty which have 
not been explored in this study. The influence of these aspects in the results could be 
explored further. Refurbishment and repair activities can be studied as well, as they are 
common practice in the sector.  
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Appendix A.  
Material mass amounts required for each design alternative included in the study. 
 

MATERIAL GROUP 
AMOUNT (kg) 

Volume elements 
Std 

Volume elements 
PH 

Structural 
elements Std 

Structural 
elements PH 

Column-beam 
Std Column-beam PH 

Concrete & Aggregates 114899,49 114899,49 114899,49 114899,49 179770,00 179770,00 
Crushed stone 315400,00 315400,00 315400,00 315400,00 315400,00 315400,00 
Mortar 11235,00 11235,00 17655,00 17655,00 11235,00 11235,00 
Steel jointing materials 118,80 118,80 228,24 228,24 1879,90 1879,90 
Steel rod 1808,42 1808,42 1808,42 1808,42 4134,00 4134,00 
Galvanized steel 701,00 701,00 1590,23 1590,23 3113,28 3113,28 
Steel ducts 63,70 63,70 937,28 937,28 197,70 197,70 
Steel plates 429,97 429,97 160,80 160,80 1015,15 1015,15 
Steel angles 400,00 400,00 438,08 438,08 2312,00 2312,00 
Aluminium 570,40 570,40 552,00 552,00 588,80 588,80 
Copper 1346,93 1346,93 1376,61 1376,61 1346,93 1346,93 
Zinc 111,51 111,51 0,00 0,00 111,51 111,51 
Sawn  and planed timber 55293,26 62414,96 43176,93 47876,29 21024,41 25116,72 
Laminated wood floor  4854,72 4854,72 606,84 4854,72 4848,00 4854,72 
Particle board 20501,07 20501,07 3875,56 6011,70 2759,00 2759,00 
Plywood 9123,54 9123,54 6719,73 6719,73 0,00 0,00 
LVL 0,00 0,00 0,00 0,00 60714,00 60714,00 
Glulam 8182,70 8182,70 20163,22 20163,22 24816,00 24816,00 
CLT 4825,09 4825,09 54807,09 54807,09 4825,09 4825,09 
Glass wool 15139,71 16491,13 0,00 0,00 2152,22 6223,59 
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MATERIAL GROUP 
AMOUNT (kg) 

Volume elements 
Std 

Volume elements 
PH 

Structural 
elements Std 

Structural 
elements PH 

Column-beam 
Std Column-beam PH 

Stone wool 0,00 2334,50 16158,92 26031,34 17340,74 16060,30 
Glass 10429,85 10429,85 3885,85 3885,85 10553,85 10553,85 
Gypsum plaster board 104854,21 104854,21 72263,83 72263,83 98491,64 98491,64 
Asphalt sheeting 4240,60 4240,60 2257,50 2257,50 2425,50 2425,50 
Polyurethane 0,00 8262,57 0,00 0,00 0,00 0,00 
Polyester 2976,00 2976,00 0,00 0,00 0,00 0,00 
Expanded Polystyrene XPS 2787,00 2787,00 2787,00 2787,00 2787,00 2787,00 
LDPE 766,75 819,69 410,79 410,79 527,73 547,43 
HDPE 0,00 0,00 85,60 85,60 85,60 85,60 
Rubbers / Thermosets 149,44 149,44 288,15 288,15 150,00 245,32 
PVC 668,72 388,91 668,72 668,72 388,91 388,91 
Polypropylene 189,38 189,38 122,64 122,64 688,15 688,15 
Other plastics 952,14 952,14 3053,39 3053,39 2524,24 2524,24 
Water based paint 1323,60 1323,60 1144,10 1144,10 1144,10 1144,10 
Fillers 1147,35 1147,35 1125,55 1125,55 1001,00 1001,00 
Solvent based paint 201,60 201,60 222,00 222,00 198,80 198,80 
Glue and sealants 143,46 143,46 51,72 51,72 54,41 54,41 
Clinker and ceramic tiles 4322,61 4322,61 0,00 0,00 0,00 0,00 
Other 19,84 19,84 19,20 19,20 20,48 20,48 
Total 700177,88 719021,19 688940,46 709896,26 780625,14 787630,12 
Total wood materials 102780,38 109902,08 129349,36 140432,74 118986,50 123085,53 
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Material Group Amount (kg) 
Wood frame original Concrete frame original 

Macadam 315400,00 315400,00 
Concrete 223100,00 1351940,00 
Mortar 24400,00 22700,00 
Blocks 3993,60 3993,60 
Iron/steel 15714,03 25376,90 
Copper 503,28 503,28 
Zinc 140,81 140,81 
Lumber 59497,35 32947,35 
Particleboard 17886,52 17406,52 
Plywood 21257,41 19757,41 
Insulation 20954,77 9855,57 
Glass 4145,42 4145,42 
Plasterboard 89229,37 25129,37 
Paper 2257,50 2257,50 
Plastic (PVC) 1974,31 1938,31 
Paint 1061,03 1061,03 
Putty (fillers) 4035,60 4035,60 
Appliances 2876,00 2876,00 
Porcelain 584,00 584,00 
Ceramic tiles 1206,00 1206,00 
Total 810217,02 1843254,69 
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Appendix B.  
Summary of the results from the impact assessment stage. 
 

CO2 Emissions for material production (kg CO2-eq/m2) 

Material Original Design 
Wood 

Original Design 
Concrete 

Volumetric 
modules 

system Std 

Volumetric 
modules 

system PH 

Structural 
elements Std 

Structural 
elements PH 

Column-
beam Std 

Column-beam 
PH 

Concrete 32,50 164,95 14,61 14,61 14,61 14,61 26,11 26,11 
Gypsum plaster board 28,84 8,12 33,15 33,11 24,04 24,04 30,05 30,05 
Mineral wool 27,79 13,07 19,98 23,98 28,34 34,23 22,89 27,64 
Glass 3,09 3,09 0,00 0,00 0,00 0,00 0,00 0,00 
Plastics and adhesives 4,27 4,19 30,15 30,15 25,06 25,06 29,27 29,25 
Steel 13,52 24,02 7,58 7,58 8,56 8,56 18,50 18,61 
Wood and wood 
materials 17,14 15,16 14,15 14,62 23,50 24,15 21,61 21,77 

Paint  2,10 2,11 2,05 2,54 2,29 2,29 2,29 2,29 
Filler 1,63 1,63 0,91 0,46 0,47 0,47 0,47 0,47 
Asphalt sheeting 0,57 0,57 0,76 0,76 0,43 0,43 0,61 1,07 
Windows 0,00 0,00 11,64 11,64 12,11 12,11 12,11 12,11 
Doors 1,27 1,27 3,35 3,35 1,84 1,84 1,84 1,84 
Others 9,44 9,44 3,18 3,13 0,78 0,78 0,53 0,53 
Total 142,16 247,62 141,51 145,94 142,02 148,55 166,27 171,73 
Living area 928 928 935 935 928 928 928 928 
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Life Cycle CO2 Balance (kg CO2/m2) 

Design Alternative 
Product Stage  
(Modules A1-

A3) 

Construction Process 
Stage  

(Modules A4 & A5) 

Operational 
Energy Use  
(Module B6) 

Use Phase 
Maintenance 
(Module B2) 

Use Phase 
Concrete 

Carbonation 
(Module B1) 

End of Life 
Stage  

(Modules 
C1 - C4) 

Benefits Beyond 
System 

Boundary  
(Module D) 

Construction 
Process Stage 

(Sensitivity 
analysis)  

Volumetric modules 
system Std 141,51 10,92 590,42 27,48 0,00 62,19 -241,07 21,14 
Volumetric modules 
system PH 145,94 11,01 304,24 27,48 0,00 67,18 -257,77 21,23 
Structural Elements Std 142,02 10,90 587,03 25,85 0,00 66,75 -307,19 10,90 
Structural Elements PH 148,55 11,14 276,30 25,85 0,00 66,80 -321,83 11,14 
Column-Beam Std 166,27 12,18 592,27 26,60 -1,21 63,32 -281,20 12,18 
Column-Beam PH 171,73 12,28 306,94 26,60 -1,21 69,48 -290,87 12,28 
Original Wood Frame 142,16 12,61 648,02 26,00 0,00 61,16 -233,11 12,61 
Original Concrete Frame 247,62 28,38 644,31 26,00 -20,64 72,63 -165,69 28,38 
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Cumulative Energy Demand (kWh/m2) 

Material 
Original Design Concrete Frame 

Volumetric 
modules system 

Std 

Volumetric 
modules system 

PH 

Structural 
elements Std 

Structural 
elements PH 

Column-beam 
Std 

Column-beam 
PvH 

Non-R Renew Non-R Renew Non-R Renew Non-R Renew Non-R Renew Non-R Renew Non-R Renew Non-R Renew 

Concrete 54,15 5,22 279,17 5,67 25,54 2,31 25,54 2,31 25,36 2,32 25,36 2,32 44,90 2,39 44,90 2,39 

Gypsum plaster board 94,18 0,55 26,52 0,16 108,26 0,63 103,62 3,31 78,51 0,46 78,51 0,46 98,12 0,57 98,12 0,57 

Mineral wool 86,19 11,17 40,54 5,26 80,29 3,37 93,85 4,68 87,90 11,40 106,16 13,76 81,02 6,64 96,19 8,44 

Glass 7,38 0,04 7,38 0,04 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Plastics and adhesives 35,49 0,55 34,85 0,54 145,89 3,76 146,68 3,56 126,22 2,74 126,22 2,74 143,30 3,35 143,24 3,33 

Steel 65,29 0,41 115,99 0,72 24,76 0,25 24,76 0,20 31,11 0,38 31,11 0,38 66,34 0,62 66,85 0,62 

Wood and wood 
materials 91,90 135,76 82,85 108,38 78,07 115,28 84,71 120,42 129,13 214,09 140,98 224,90 104,47 175,98 105,17 178,50 

Paint  9,38 -0,19 9,38 -0,19 9,13 -0,19 11,33 -0,23 10,19 -0,21 10,19 0,21 10,19 -0,21 10,19 -0,21 

Filler 9,23 0,38 9,23 0,38 4,64 0,15 2,72 0,11 2,77 0,12 2,77 0,12 2,77 0,12 2,77 0,12 

Asphalt sheeting 3,99 0,02 3,99 0,02 5,31 0,03 5,31 0,03 0,82 0,01 0,82 0,01 4,28 0,03 5,16 0,03 

Windows 0,00 0,00 0,00 0,00 24,31 8,11 24,31 8,11 25,28 8,43 25,28 8,43 25,28 8,43 25,28 8,43 

Doors 6,58 12,37 6,58 12,37 17,76 49,62 17,76 49,62 9,72 28,12 9,72 28,12 9,72 28,12 9,72 28,12 

Others 67,27 2,54 67,27 2,54 21,22 0,85 20,94 3,37 25,70 1,66 25,70 1,66 7,90 0,42 7,90 0,42 
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Total 
531,04 168,83 683,76 135,89 545,17 184,17 561,54 195,49 552,71 269,51 582,82 283,10 598,30 226,46 615,51 230,78 

699,87 819,65 729,34 757,03 822,22 865,92 824,77 846,28 
 
Non-renewable energy life cycle balance (kWh/m2) 

Design Alternative Product Stage  
(Modules A1-A3) 

Construction Process 
Stage  

(Modules A4 & A5) 

Use Stage  
(Modules B1 & B2) 

End of Life Stage  
(Modules C1 - C4) 

Benefits and Loads 
Beyond System 

Boundary  
(Modules D) 

Volumetric modules system Std 545,17 89,48 679,73 42,88 -510,71 
Volumetric modules system PH 561,54 89,99 435,99 41,84 -546,09 
Structural Elements Std 552,71 89,39 676,22 40,43 -650,79 
Structural Elements PH 582,82 90,72 406,66 40,66 -681,80 
Column-Beam Std 598,30 96,55 681,74 46,92 -595,73 
Column-Beam PH 615,51 97,12 438,94 47,54 -616,21 
Original Wood Frame 531,04 99,00 811,24 48,25 -493,84 
Original Concrete Frame 683,76 211,04 807,33 105,35 -351,00 

 
Renewable energy life cycle balance (kWh/m2) 

Design Alternative Product Stage  
(Modules A1-A3) 

Construction Process 
Stage  

(Modules A4 & A5) 

Use Stage  
(Modules B1 & B2) 

End of Life Stage  
(Modules C1 - C4) 

Benefits and Loads 
Beyond System 

Boundary  
(Modules D) 

Volumetric modules system Std 184,17 12,32 13368,01 0,87 -510,71 
Volumetric modules system PH 195,49 12,32 8266,54 0,62 -546,09 
Structural Elements Std 269,51 12,31 13297,49 0,58 -650,79 
Structural Elements PH 283,10 12,33 7679,47 0,58 -681,80 
Column-Beam Std 226,46 12,41 13407,88 0,61 -595,73 
Column-Beam PH 230,78 12,41 8325,11 0,63 -616,21 
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Original Wood Frame 168,83 12,44 15771,01 0,61 -493,84 
Original Concrete Frame 135,89 23,18 15692,95 1,05 -351,00 
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Appendix C.  
VIP+ results 
 
Module system standard  
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Module system passive house 
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CLT elements system standard  
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CLT elements system passive house 
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Column-beam system standard 
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Column-beam system passive house 
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