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Abstract 
Using the case study of a six-floor residential building with 4254 m2 living area and its supply chains, 

service life and disposal in the Swedish context, a conventional life cycle assessment focused on Global 

Warming Potential was carried out. The assessment is incomplete because sections B1-B5 were not 

taken into consideration. A Time Adjusted Warming Potential was also calculated from the 

conventional results to address the dynamics in the long service life of wooden and concrete buildings. 

The results are 358 kg CO2 eq/m2 and 175 kg CO2 eq/m2 for concrete and wood, respectively. Of the 

alternatives analyzed, both using slag concrete and combining the materials in hybrid buildings were 

shown to have significant reduction potential. The dynamic analysis did not change the overarching 

results because they strengthened the existing differences. Temporal recalculations were responsible 

for substantial difference, between 11% (full life cycle for concrete building) and 55% (post-use 

carbonation) in the categories which apply. This thesis therefore argues for these dynamic issues to 

be further addressed in the field of LCA methodology. Taking time of emission into consideration leads 

significant difference in the results particularly in products which have longer life cycles such as the 

construction industry. These should be addressed in a systematic way.   
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1. Introduction 

 
Building industry emits greenhouse gases. Concrete production in Sweden was in 2003 responsible for 

1.9 million metric tons of carbon dioxide, or ca 3.3% of the national total carbon dioxide equivalent 

(CO2 eq) emissions (Kjellsen and Guimaraes, 2005). Not only due to the fossil fuels burnt to achieve 

the temperatures needed to clink Portland cement but also due to the fundamental process of de 

carbonizing limestone. Urbanization and demographic forces will create demand for more housing 

particularly in developing nations. The construction and weather stability need of the present and 

future generations are therefore at odds. To systematically address how the global warming potential 

of one building can the life cycle assessment (LCA) is used. This is an established methodology which 

allows for the systematical the emissions and therefore the impacts of a process through out all the 

stages of its life.  

1.1 Life Cycle Assessment 
As the methodology section covers in more detail an LCA can be divided into four rough sections, 

assembly, service, end of life and recycling or reuse. These are assigned three letters and further 

broken down into numbers. The first stage of assembly (A), the collection of raw materials is referred 

to as A1. The second stage, transportation of the raw materials to the place of assembly is A2. This is 

like wise apply to service phase (B), destruction (C) and recycling or reuse (D). This allows for a better 

oversight into the how the decisions made affect the rest of the service and disposal of the assessed 

object. This method allows for considerable complex material flow data to be considered. As the case 

of construction, the distinct stages of the process are relevant and intertwined. A decision regarding 

the choice of material in the construction phase can for example reduce the thermal mass of a building 

which impact the energy use the building requires in the service phase. An LCA allows for these 

decisions to be weighted in. Most importantly it provides a scientific and impartial methodology to 

model the impact of different scenarios. The LCA practice has been standardized by the ISO 14040 and 

14044 (Swedish Standards Institute, 2006a; Swedish Standards Institute, 2006b) which this thesis will 

follow the recommendations and overarching openness in the form of reporting. This is however not 

an LCA report and therefore deviates from the form at times. This thesis will, as per request of the 

commissioner Attacus, carry out a comparison between two buildings with the same properties but 

using either concrete or wooden details. The existing LCA can cover a wide variety of issues but for 

the sake of commissioner’s goals and brevity, only global warming potential (GWP) was analyzed in 

detail. This method is based on the science of the impact of greenhouse gases on the stability of the 

climate, commonly referred to as climate change. To contextualize the results given by the AGWP 

methodology, it is compared to a kilogram of the greenhouse gas carbon dioxide. The radiative forcing 

of an emission of greenhouse gas over a predetermined period is divided by the radiative forcing of 

one kilogram of carbon dioxide in the same period to make all greenhouse gases comparable to each 

other and carbon dioxide. This value is the one which is often reported, CO2 eq. 

1.2 Field Maturation 
The life cycle assessment methodology has been undergoing a process of maturation since its 

establishment. This is in part because of the technological advances, popularity of the tool, and 

methodological crystallization (Baumann and Tillman, 2004). The use of computers and software 

which can handle and report increasingly big data in shorter time periods means that there is a shift 

in the work of the practitioner. More complex products can be analyzed and assumptions which were 

made for the sake of simplification can be questioned and tested. The popularity of the tool in the 

European and Swedish context means that there is both a larger target audience critically reading the 
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results and making policy decisions based on these as well as a demand for industry standards for 

results which are LCA layman accessible. A new law will demand that the methodology is applied to 

building assembly and these values are must be reported. According to the Swedish National Board of 

Housing, Building and Planning, Boverket (2020), there can be expected to be future demands from 

public contracts and even restrictions based on the GWP for the building’s assembly. Finally, the 

growth of use in the tool has led to more discussion and productive methodological creation. While 

there does not seem to have consensus in the questions regarding for example temporal issues, the 

move away from conventional LCA heralds a change towards more complexity. Eventually, a 

conclusive method with an accessible operation and result will be reached. It is beyond the scope of 

this thesis to try to propose such a methodology. It is nonetheless valuable to understand that there 

is a landscape of methodological operations available and what are their benefits and drawbacks. Due 

to the value judgement, which is intrinsic to the choice of methodology, there is no objectively better 

method. However, a scientific community decision about how to solve the temporal question without 

simply ignoring the difference therein is recommended (Anand and Amor, 2017). 

1.3 Concrete, Wood, and Hybrid 
The commissioner can provide buildings with a choice of two materials for specific elements, concrete 

and wood. This section contextualizes the two materials in relation to their properties and the 

potential impacts. A third choice is available and discussed. It is named hybrid buildings. The 

differences of the two materials will be covered here as well as their similarities. One of these 

similarities is their modus of construction, namely prefabrication. 

Concrete is a mixture of cement, water, and aggregates. It is often reinforced with steel. Cement is 

often the highest contributor of CO2 eq emissions. Reducing the ratio of the cement to the other 

materials can therefore have a significant impact on the concrete. There are furthermore several 

options for which cement is used. This varies from pure cement, which is composed of essentially 

100% Portland cement (CEM I), through fly ash mixed (CEM II), to slag cement (CEM III) which uses 

waste materials of other industries mixed in with Portland. Slag has better material qualities but longer 

setting times which means it is more difficult to work with in practical terms.  

Wood can be also used as a comparable building material to concrete. Trees capture the carbon from 

atmospheric carbon dioxide during their lifetimes and wood is composed primarily of this carbon. This 

carries the advantage that using wood can be understood as a carbon storage mechanism from the 

atmosphere to the anthroposphere. Existing LCAs (Cabeza et al., 2014; Dodoo et al., 2009; Knauf, 

2016; Peñaloza et al., 2018) point unequivocally that wooden constructions are less impactful in terms 

of CO2 eq emissions. The material properties of wood lower the quantities of materials used to 

achieve similar levels of thermal isolation. The post use phase of wooden structures is assumed to be 

burning for heat and energy which has negative carbon emissions. On the other hand, the use of 

chemicals agents for holding the wood together, impeding fire to spread, and finish, have other 

adverse environmental effects. If a fire takes place within the structure similar immediate results, 

wooden structures must undergo extensive repair which is not that case for concrete structure, which 

is not considered in this thesis. Wooden constructions are also limited on the possible choices of 

façade materials and maintenance as well as number of floors. There is also a limiting factor on the 

height, and therefore number of floors a wooden structure can support. In the case for residential 

high-rise buildings, this eliminates wood as a material choice which has broader consequences for the 

climate impact of residential areas (Norman et al., 2006). The building studied in this case study is six 

floors and it can be built of wood. 
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Hybrid is the process of using a combination of both materials in a single building. In the materials 

science context, hybrid materials are those which are interwoven combination of two or more 

materials. This is not the case here. To overcome the height constraint with constructing with wood 

hybrid buildings can be used. One method is to build the base and lower floors of concrete and the 

remainder of the upper floors of wood. This utilizes the strength of concrete to bear the load of the 

building above. It allows for the wood which is lighter than concrete. Furthermore, the layering of the 

two materials allows for wood to be used in buildings in which have more floors than buildings of 

wood alone. Another method is to substitute wooden elements where their material properties allow. 

Instead of changing the properties of one floor, one type of wall is change for its wooden equivalent 

throughout the building. This could be extent to other all elements where the material properties 

allow for it since wood has an overall lower GWP impact (Heinonen et al., 2016). There is also the issue 

of thermal mass which can be advantageous for the case of the hybrid building. Finally, all the buildings 

analyzed here are to a small degree hybrid as there is concrete in the building which will be referred 

to as the “wooden” building and wood in the “concrete” building. A concrete based will be constructed 

under both buildings. All the buildings are likewise assumed to be produced not in situ but in one 

location. 

1.4 Prefabrication 

Attacus is a cement and wood construction company which focuses on the design and prefabrication 

stages of the construction industry. They are the commissioners of this thesis. The process of localizing 

all the different steps of construction in a single industrial site and then transporting the processed 

blocks to the site where they are assembled is referred to as prefabrication. Applying a degree of 

prefabrication is, according to the literature, more effective in terms of carbon dioxide, less waste 

material, and leads to stronger materials (Du et al, 2019; Jönsson et al., 1998). The greenhouse gases 

emissions of prefabrication are not only lesser, it is different in its sources. CO2 eq emissions are shifted 

from construction cycle (A5) to manufacturing (A3) and transporting (A4) (Du et al, 2019). Thus, focus 

can be given to these sources of emissions. All the elements considered in this case study are 

prefabricated. The base of a building is built in situ, but this aspect is not taken into consideration in 

this thesis. Designing the building blocks in a certain way can lead to the possibility of reutilization of 

the prefabricated building blocks for future projects (Minunno et al., 2018). This would lead to 

different results in the post-use phase but is not the industry standard. 

1.5 Thermal Mass 
One of the issues with making the comparison between wood and concrete is the thermal mass. Whilst 

both materials can be made to have the same U-value, a measure of the heat escape rate for a given 

material, the thermal mass remains different (Hagentoft and Sandin, 2017). Even if both have 

accounted for similar thermal properties via isolation or thickness, their mass is fundamentally 

different. Thermal mass is the term which describes the variation within temperatures due to the 

inertia of a building. The heavier a building is the less variations in the temperatures it will experience 

in the day and night cycle. As such there will be less need for heating and cooling energy to be used 

to compensate the variation and provide a comfortable indoor climate. On one hand having different 

energy demands to heat and cool could lead to higher use phase demands. On the other hand, the 

weight translates into more material demand and transport emissions. This issue will be addressed in 

the methodology section via an alternative analysis by taking the differences in demand into account. 

1.6 Temporal Dynamics 
The comparison of wood and concrete structures has been extensively covered in the existing 

literature. This case study reproduces the results of the existing literature (Dodoo et al., 2009; Heeren 

and Hellweg, 2019; Maddalena et al., 2018; Ortiz et al., 2009; Peñaloza et al., 2018; Sathre and Oâ, 
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2010; Yue et al., 2018; Zabalza Bribián et al., 2009; Zabalza Bribián et al., 2011). Those papers have 

gone into more depth in terms of sensitivity analysis. The issues with temporal dynamics are even 

brought up in discussion but not addressed in the methodology (Dodoo et al., 2009). This thesis will 

dig deeper into temporal issues using the case study of a wood and concrete building in Sweden. By 

using detailed and localized information there is a benefit of making decisions based on information 

that is applicable to the context.  

Among other problems within the use of LCAs in the building sector, there is a need to incorporate 

the temporal issues into the construction industry particularly regarding wood (Anand and Amor, 

2017; Breton et al., 2018). The current body of research shows that the impact of the use phase 

outweighs the assembly and end of use phase (Cabeza et al., 2014). This takes place within the 

methodological aspect of conventional LCA. There have been studies carried out with dynamic 

methodology in the building sector  but none to residential building (Collinge et al, 2013; Collinge et 

al, 2018; Hu, 2018). The calculation of a GWPs must be defined by a range of years since the CO2 eq is 

calculated relative to the radiative forcing of carbon dioxide in a specific number of years. The 100 

years is chosen due to its applicability to this case and prevalence in EPD. Choosing shorter periods 

could obfuscate the impact of later releases. Longer periods can be used but are not necessarily 

meaningful as the releases stop after 50 years in the base case. The use phase, which in a building is 

long compared to the 100 years GWP structure, happens immediately in a conventional LCA. Both 

wood and concrete have interesting time dynamics in due to their properties. Wood prior to its use as 

material captures carbon during its life as a tree. This process is referred to as biogenic uptake. The 

carbon is then used to chemically build the wood and sits as a storage in the wood until it is released, 

either in the slow process of oxidation or in the incineration at the end of life. This storage can be 

thought of as a delay on the release. Wood EPDs (A1-A4) studied show this biogenic uptake as a 

positive environmental impact, i.e. takes carbon dioxide from the air, and reduces global warming. 

This can lead to strange conclusions where a wall with the same function, but higher amounts of wood 

will “capture” more carbon dioxide and be rate a design with a lower carbon footprint. This EPD would 

not show that there is more carbon dioxide released in the transport and later due to incineration of 

this heavier design and could lead to the questionable conclusion that more wood is always better.  

Concrete has its own time dependent processes which impact CO2 eq emissions such as the calcination 

and carbonation balance. Calcination is a process of the cement production where carbon dioxide, 

which is chemically bound in the raw material, is released. Usually calcination accounts for half of the 

carbon dioxide emissions of cement. Calcination can account for more than half if the heat and 

electricity which is used in the production has lower emissions than average. This process is then 

slowly reversed during the use phase by the interaction of concrete with the air and again speeds up 

at the end of life phase when the building is torn down therefore more exposed to the air (Collins, 

2010). The reversal of calcination is referred to as carbonization. In theory, the carbonation can offset 

up to three quarters of the emissions in the calcination. This process occurs over time in a squared 

root function, so fast at first at then slower as more of the depth becomes carbonized and fewer are 

statistically available. After deconstruction, the material is pulverized which leads to an increase of 

the cement’s surface area. There is therefore another quick rise in the carbonation rate followed by a 

second leveling off. The time dynamic is that the calcination’s emissions, on one hand, take place on 

year 0 and have thus 100 years to radiative force the atmosphere. The carbonation uptake on the 

other hand occurs slowly and primarily after deconstruction which is 50 years after construction. In a 

conventional LCA these emissions and uptakes would cancel out each other (to the degree of the 

uptake), but in a dynamic LCA the time difference can be addressed, and that impact calculated. 

Furthermore, reduced exposure to air by painting and indoor spaces means that the process is not 

completed in the building’s lifetime and even after end of use, even if unreasonable measures (such 
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as purposefully exposing the pulverized concrete to air for several decades rather than recycling it in 

a few months) are allowed to take place so that the process is improved (Collins, 2010; Dodoo et al., 

2009; Kjellsen and Guimaraes, 2005). Higher amounts of Portland cement being used in the concrete 

do not lead to higher amounts of carbonation (because of material properties of the low cement 

concretes) and due to unbalance between calcination and carbonation, lowering the amount of 

cement lowers the GWP of the concrete (Kjellsen and Guimaraes, 2005; Souto-Martinez et al., 2018). 

It is furthermore worth noting that carbonation can have negative impacts on the material features of 

concrete and its interplay with reinforcing steel. Concrete is used alongside with reinforcing steel 

because they complement each other’s mechanical features. Furthermore, uncarbonized concrete has 

a major advantage of protecting the reinforcing steel from the chemical attack of oxidizers such as 

chloride. Once the reinforcing steel becomes oxidized, it becomes flaky which leads to loss of strength 

and further oxidation. Carbonization allows for the reinforcing steel to be attacked by chloride which 

reduces the strength of the material. This is particularly relevant in sites near seawater which contains 

chloride (Chen et al., 2018). The calcination and carbonation processes like the wooden storage of 

carbon are fundamentally temporal ones. Their impacts cannot be truly calculated without taking the 

time aspect into consideration. Unlike the wooden storage, the emissions occur in the beginning and 

the uptake occurs during or after the use phase. This would mean that the impact of the emissions 

would be higher than the conventional results.  

This thesis addresses the sensitivity of the use phase changes if the Time Adjusted Warming Potential 

(TAWP) is calculated. The methodology is used in the work of Kendall (2012). TAWP takes the delay of 

emissions and credits due to recycling into account by recalculating the impact that a certain emission 

would have up to a set period. Different greenhouse gasses have different impact profiles over time. 

Take two different greenhouse gases methane and nitrogen dioxide. One gas can have a shorter active 

period, such as methane. Others can be active over its entire lifetime and hence a delay impacts it 

quasi linearly such as nitrogen dioxide. A 50-year delay of an emission leads to a lessened impact as 

the effects of the emissions are only integrated from 50 to 100 (which is mathematically equivalent to 

from 0 to 50 years). This allows for a better look into the value of both continuous emissions over the 

lifetime of a building as well as taking the delay prior to deconstruction. 

1.7 Aim 
The application of this LCA has a varied nature. This is a Carbon Footprint analysis for a specific 

product, the concrete elements and buildings made thereof in the Swedish context. There is a 

comparison within products which the commissioner can provide. The commissioner of this study is 

Attacus Stomsystem. There is a perceived need to making their product better in terms of 

environmental impact in a systematic and scientific way. The company cannot steer the demands of 

the market but when they receive a project, they can make offers regarding one or more aspects. The 

aim is to find out what can be done differently in a concrete and wooden building so that the impact 

is significantly lesser and providing proof for this. For the commissioner, there are three needs to be 

met.  

• Firstly, the company can, upon receiving a new project, suggest for a more environmentally 

friendly change and back it up with evidence.  

• Secondly, from 2022 forward, assembly impact assessments (A1-A5) for greenhouse gases will 

be a requirement according to legislation (Regeringen.se, 2019). Whilst EPDs are available for 

the company’s supply chain, an overarching LCA will add to their preparedness for legislation 

changes.  

• Finally, increased awareness of their emissions’ profile will be able to address either the 

lowest hanging fruits or most impactful categories based on scientific methodology. This will 
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add value to the company’s product, aid them in have a lesser impact on the environment, 

and grow the body of research on LCAs and the building industry. 

The primary aim was extended by a dynamic assessment of the building will take place. Another target 

audience is therefore the public and other practitioners. The secondary aim of this thesis is to dig 

deeper into temporal issues using the case study of a wood and concrete building in Sweden. By using 

detailed and localized information there is a benefit of making decisions based on information that is 

applicable to the context. This level of containment in a geographical level allows for more complexity 

in dealing with delayed emissions. The deliverable goal here is to analyze the existing methodologies 

and see the changes when dynamic methodologies are applied. This will both highlight the 

assumptions which exist in a static or conventional LCA as well as attempt to solve the incongruencies 

those generate. A Time Adjusted Global Warming and GWPbio will provide an alternative for a more 

complex, closer to reality result. These are two methods for taking temporal dynamics in the materials. 

This explores the issue which is tied to this case study but also provides a picture of the current 

landscape of dynamic methodologies. The study includes a comparative assertion and is planned to 

be disclosed to the public (European Commission and Joint Research Centre, 2010).  

1.8 Research questions 

The research questions are listed below.  

Conventional LCA 

 

1. What are the largest emitters of greenhouse gases in the life cycle of a concrete and wooden 

building? 

2. What are the lowest hanging fruits of CO2 eq emissions in the life cycle of a concrete and 

wooden building? 

3. Which elements of a concrete building can be substituted with wood to provide lower 

carbon dioxide equivalent emissions? 

 

Dynamic LCA 

 

4. What are the tools available for a dynamic LCA and what is the impact of temporal dynamics 

on the results? 

5. How are biogenic uptake, carbonation and their delayed emissions and uptakes affecting the 

assessment of CO2 eq emissions? 

The first three refer to the engineering task of analyzing the and reduce the GWP of the construction 

industry. The last two refer to the exploring the complexities of the temporal dynamics life cycle 

assessments and attempting to provide an answer to this perspective. 

1.9 Scope 
In this study a balance is struck in between the areas which were simplified and further evaluated. For 

the sake of the goal of the commissioner, data management and the possibility of interpretation issues 

regarding the use phase were simplified. Due to a perceived gap in the literature and availability in 

data, temporal issues and cement assembly were given more focus, respectively. The literature 

reviewed in section 1.6 Temporal Dynamics openly reviews the need for more dynamic studies. Cradle 

to the grave LCA will illustrate more facets of the issue and carry the decisions which may increase the 

efficiency of buildings with higher cradle to gate emissions. That is the case because it is more relevant 
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to the company and they have more data available on these stages. On the hand, effects of decisions 

made on the production stage can have consequences later in the process. Choosing for example to 

have thinner walls or less isolation can reduce the first stage of the LCA (A1-A5) whilst increasing the 

other phases such as energy demand (B6). Focusing on production will hide those effects. One 

example of this is transport from the gate. The prefabrication takes place in Jämtland County, the 

elements are then transported to Stockholm Municipality where they are put together into a building. 

As mentioned in the introduction prefabrication shifts the emission to transportation and thus taking 

these aspects into consideration are fundamental. Two broad materials should be included wooden 

and concrete buildings. The focus will be on CO2 eq emissions for the external report to Attacus 

because that is the aspect in which the company requires. It is worth noting that carbon dioxide 

emissions are not a reasonable marker for some of the other environmental effects which a lifecycle 

assessment can carry out (Heinonen et al., 2016). Outside the scope of this study is the sensitivity 

analysis of factors which has been covered by other literature. Furthermore only one software, 

SimaPro, was used in the methodology which could lead to different result (Emami et al., 2019). The 

databases used were Ecoinvent 3.6 and European Life Cycle Database (ELCD). The Ecoinvent Database 

is a comprehensive database spanning the entire world and covering materials and processes related 

to the construction industry. The ELCD is focused on the European Union geography and technological 

mix. Whilst less extensive it has detailed information regarding waste treatment (Frischknecht et al., 

2005; Martínez-Rocamora et al., 2016) 
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2. Methods 
 

ISO standard 14040:2006 LCA cradle-to-grave (A-D) will be used. The system will include all the aspects 

which come with the material choice for the creation of a similar object. One object which could be 

built in ether material as picked to dimension to be set to achieving comparable end results in 

measurable building standards, such as U-value for example. 

A pilot LCA using broad materials choices and estimates is used to address the most relevant factors 

affection carbon dioxide emissions. A follow-up detailed comparing LCA will then be carried out using 

the results of the pilot and detailed data gathered from Attacus’ production line.   

Data sources will be EPDs from Attacus’ supply chain EPD, Ecoinvent database, ELDC, Attacus invoicing 

system to get access to the amounts of materials, energy, and heating which come into the factory. 

As functional unit, a m2 of living space will be used as following Boverket’s (2020) new guidelines. 

Figure 1: The horizontal cross section of the building which is being modeled in this case. The colors 

also refer to the material in the different walls. The green walls are outer walls, the blue walls are 

heart walls and the red walls are LS walls.  
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Figure 2: The vertical cross section of the wooden building for this case study. The materials herein 

are used to model the different walls. Depending on the function they must serve in the building 

they have different material choice and thickness. See Appendix A for the quantities of materials in 

the different wall types. 
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Figure 3: The layout for the concrete building. From left to right, it is LS wall, heart wall, and outer 

wall (Swedish: “betong” = concrete, “gips” = gypsum plasterboard, “träregel” = wooden beam and 

“isolering” = insulation material). See Appendix A for the quantities of materials in the different wall 

types.  
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2.1 Life Cycle of a Building 
The modeled life cycle of the building is made up of four distinct phases. The first extends from the 

acquisition of raw materials to the finished construction (A1-A5). The second phase is the use phase. 

This includes among others, repairs, refurbishment and electricity and heat needs under the service 

life (B1-B6). Only electricity and heat (B6) was modeled. Carbonation was also model as a part of the 

use phase. The third phase refers to the demolition and treatment of the waste (C) again 

carbonation was applied here. The final phase accounts for any allocation achieved by recycling (D). 

2.1.1 Assembly 

A six-floor building was modeled with the information from floor plans and vertical cross-sections of 

the walls. The wooden structure was provided by Sweco (see figure 1 & 2) for the drawings of an 

apartment building. An inventory was created for the supply chain connected to the factory in Attacus 

Strömsund and the transport down to Stockholm where the majority of Attacus’ construction takes 

place. The transport was assumed to be EURO4 as the provider uses. Cement for example was sourced 

from Slite, Gotland where the company purchases its cement. The material properties of concrete can 

be classified by summarized in. A recipe which is used to produce cement of strength C50 (a 

standardized measure of different mechanical properties of cement, higher number is a higher 

strength). Data from the heat and electricity bills was used to create averages for each kilogram of 

concrete created and multiplied by the mass of a recipe’s batch. The electricity and heat use were 

assumed to be the same as that of the concrete element assembly. This assumption is weak but there 

was no comparable source of information and their relative role to the results were negligible. There 

are two types of wood products used in the design. Cross laminated (marked as KL (Swedish)) or glue 

laminated (marked as Lim (Swedish)) which were deemed useful in various parts of the structure (see 

figure 2). The construction site of the building (A5) was taken into consideration using the estimates 

provided by the ILCD handbook (European Commission and Joint Research Centre, 2010). The cement 

base has been excluded from the analysis as it would be the same for both buildings and its features 

are dependent on the soil properties at the construction site about which information is not available. 

Where applicable, EPD data which matched the Attacus’ supplier was used instead of the Ecoinvent 

database. Otherwise, Swedish, European, or global markets were used from the Ecoinvent 3, 

prioritized in this order. This was the case for the wood products (both cross laminated and glue 

laminated from Martinsson’s EPD (2015a; 2015b) (a supplier of wood products)) and the cement (from 

Cementa’s EPD (2019) the supplier of cement)) used examples of the results for the cement and one 

wooden product each are found in the appendix. When EPDs are used, transportation is added from 

their last stage (A3) until Strömsund. 

2.1.2 Use Phase 

The electrical and heat energy amounts and technology mixture were analyzed using yearly averages 

from the Swedish Energy Agency (Energimyndigheten) (2019). The electrical needs were calculated 

using Statistics for a square meter for the last three years are multiplied by floor area of the case study 

apartment and the assumed service life. 

𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 = 𝐴𝑝𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒 × 𝑆𝑄𝑀 × 𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒     Equation 1 

Where E is the total electricity for the use phase, Approximate is the value which Energimyndigheten’s 

estimate value for the m2 of apartments (40 kWh/m2 year), SQM is the squared meters in the 

apartment (4254 m2) and the Lifetime stands for the lifetime of the building which is 50 in the base 

case.  
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𝐻𝑒𝑎𝑡𝑡𝑒𝑐ℎ𝑛𝑜𝑙𝑜𝑔𝑦 =
𝑇𝑜𝑡𝑎𝑙𝑡𝑒𝑐ℎ𝑛𝑜𝑙𝑜𝑔𝑦

𝑇𝑜𝑡𝑎𝑙 𝑆𝑄𝑀
× 𝑆𝑄𝑀 × 𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒     Equation 2 

Where HeatTechnology is the heat energy for the use phase for a specific technology (such as district 

heating, biogas, oil, etc.), the Totaltechnology is the total energy use for that technology. and the Total 

SQM  is the total square meters of apartment space in Sweden. Later a fifth variable is added to this 

equation, a thermal mass factor.  

Carbonation is calculated for the case of the concrete building. In order to calculate the carbonation 

amount in the life cycle of the concrete construction, the penetration of carbonation and then the 

carbonate volumes were calculated as per the instructions in previous literature (Dodoo et al., 2009; 

Kjellsen and Guimaraes, 2005; Pade and Guimaraes; 2007) but applied to the dimension of the building 

modeled. The equation is available here. 

𝑑𝑐 = 𝑘 × √𝑡          Equation 3 

Where dc is the depth of which the concrete is carbonated, k is a correcting factor which depends on 

the properties of the concrete (such as strength, whether it is indoors, etc), and t is time in years. With 

the exposed areas (which it is possible to infer from the design of the building) and the carbonated 

depth, it is then possible how much CO2 is taken up from the atmosphere into the concrete with the 

following equation: 

𝐶𝑂2 = 0,75 × 𝐶 × 𝐶𝑎𝑂 ×
𝑀𝐶𝑂2

𝑀𝐶𝑎𝑂
       Equation 4 

 Where CO2 is the amount in kilograms of carbon dioxide taken up per cubic meter of carbonated 

concrete (kg/m3), 0,75 is a constant which refers to total amount of carbon that can be chemically 

taken up, C and CaO are the amounts of cement and calcium oxide in the concrete and MCO2 and MCaO 

refers to the molar masses of carbon dioxide and calcium oxide. 

2.1.3 Disposal and recycling 

This study follows the end of life assumptions of Dodoo et al. (2009), 90% of reinforcing steel, 

concrete, and wooden materials were presumed to be either recycled. In the case of wood, this means 

incinerated for energy and heat. The remainder 10% is lost and considered to be landfilled. In the 

disposal phase ELCD data was used to model the disposal scenarios (see Appendix A for more detail). 

This waste is still assumed to be crushed and processed. Again, the carbonation rates were calculated 

for the cement which is recycled. It was assumed to be buried after breakdown as is expected that 

recycled cement is used in road construction. Being buried affects the carbonation rates (the k factor 

is lowered). The particle size for breakdown for Sweden was used (Kjellsen and Guimaraes, 2005). 

Following the literature’s recommendation (Kjellsen and Guimaraes, 2005), the recycled concrete 

aggregated (RCA) could carbonate for the remainder of the 100-year cycle. Which in the base case of 

50 years, the remainder time was 50 years. It is worth noting that there is a divergence in the 

assumptions between in the literature for the recycling rates of concrete. It varies from 60% (Kjellsen 

and Guimaraes, 2005) to 90% (Dodoo et al., 2009) in Sweden.  
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Figure 4: Model of the life cycle of the concrete building divided into stages. The picture follows a 

rough chronological order, from top to bottom. A1-A5 happens within the first year, B extends for 50 

years, and C & D only happen after that. 
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Figure 5: Model of the life cycle of the concrete building divided into stages. The picture follows a 

rough chronological order, from top to bottom. A1-A5 happens within the first year, B extends for 50 

years, and C & D only happen after that.  
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2.1.4 Database, Improvements and Thermal Mass Scenarios 

First a pilot study is carried out to better understand which materials and processes were most 

relevant. The pilot studied also analyzed whether EPD information differ from the database 

information significantly. Two other conventional scenarios where created to compare the possible 

improvements. Slag cement is used to calculate the difference in impact since the pilot study 

showed the prevalence of cement in the impact of the process (Siddique & Bennacer, 2012). A recipe 

for concrete of the is taken from Guo et al. (2014) and modelled in SimaPro. This results in higher 

settling time and is therefore not functionally the same, but the final product is comparable. Another 

improvement is to require higher standards in transport from the service deliverer. This would alter 

the current EURO4 transport to EURO5 as well as change the fuel used. The change of EURO4 to 

EURO5 is easily modeled in SimaPro but not the change in fuel. To take account for the different 

thermal masses of the two materials, three scenarios were created and compared. The first is the 

wooden construction with a lower thermal mass and therefore higher energy use for heating and 

cooling. The second and third were both concrete constructions with different placement of the 

thermal mass. One had a light shell and heavier center. The other had the mass spread through the 

building. These changes also had changes to the heating energy. The values taken from Hassan 

(2009) were used as factors to account for the changes. These possibilities were modelled in 

SimaPro and compared to the initial case study in the production of the cement (A1-A5) as these 

refer to the commissioner’s decision-making process.  

 

2.2 Dynamic Life Cycle 
Of the available dynamic methodologies, the method of GWPbio was used for wood’s time dynamic 

calculation and the TAWP was used in the case of concrete. For the sensitivity analysis of the use phase 

length was set to 61 years and 99 years. 61 years is chosen according to the research carried out in 

the United States which set this value as the average lifetime of a building (Aktas and Bilec, 2012; 

Straub, 2015). 99 years was taken as a doubling of the assumed value 50 years, whilst still allowing for 

dynamic calculations. Every emission occurring after 100 years is set to have no impact in a dynamic 

analysis.  

2.2.1 Formulas used for Time Adjust Warming Potential  
Using SimaPro’s inventory, the TAWP was calculated. The Excel tool used for the process is made 

available in the digital supplement section. In order to recalculate the delay and continuous release in 

all the different greenhouse gases  in the IPCC AR5 (Stocker, 2014), the following formula was used in 

order to calculate the TAWP for per Kendall’s equations 1 & 2 (2012) which are for the sake of clarity 

quoted directly below. 

𝑇𝐴𝑊𝑃 =  
∫ 𝑅𝐹𝑖(𝑡)𝑑𝑡

𝐴𝑇−𝑦

0

∫ 𝑅𝐹𝐶𝑂2(𝑡)𝑑𝑡
𝐴𝑇

0

         Equation 5 

 

Where the AT is the choice of time range (in this case 100 years), y is the delay of the emission, RF is 

the radiative forcing of the greenhouse gas being analyzed (i) and the reference gas carbon dioxide 

(CO2) and t is time in this case in years. As described, this choice of range is arbitrary (Kendall, 2012; 

Shimako et al., 2018). In the case of concrete, the TAWP can be applied. TAWP will be carried out to 

the energy and heat needs during the use phase of the building, the carbonation which takes place 

during the use and demolition phase, as well as the recycling which after the demolition. With the 

exception that the concrete building will have carbonation taking place. It occurs in two stages:  
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1) The first is at one rate during the use phase, so continuously during the first 50 years. Energy is 

assumed to be linear, whilst carbonation follows the squared root curve. 

2) The second is during the demolition phase so after 50 years. Recycling will be assumed to be 

delayed by 50 years and carbonation post use phase will happen continuously from 50 years.  

2.2.2 GWPbio 

The storage of carbon must be accounted for in a DLCA. There are two paradigms which can be used 

to analyze the GWP potential of wooden products. The first, simplest “carbon-neutral-equals-climate-

neutral” follows a simple idea that biogenic uptake and release are both neutral as these have brief 

time frames in the perspective of greenhouses gases lifetimes whilst credit is given to the temporary 

storage of carbon in the anthroposphere. The other is more complex and therefore splintered 

(Brandão, 2015). It can be briefly referred to as GWPbio which tries to take into consideration the delay 

of carbon emissions by using biological products via the modelling of known aspects of the carbon 

cycle in the agroforestry. One simplification which can be applied to this case study is put forward by 

Guest et al (2012) is taking the rotation time and storage time into consideration in order to model 

the delay of carbon emissions as a reductive or negative factor for the emission of carbon dioxide 

stored. This means that the carbon dioxide which is stored into the wood and the regrowth in the 

forest are accounted as well as its delayed release. As the discussion therein covers, negative values 

do not imply a carbon positive cycle but the impact of the carbon emissions not being available to 

have radiative forcing while it is stored and substituted in the rotation. Furthermore, the values for 

the stored carbon will not be recalculated using the TAWP method as the GWPbio already accounts for 

the delay of the storage of carbon. Using the TAWP and the GWPbio would result in double counting 

the effect of time. The biogenic uptake was taken into consideration via the EPD and following the 

methodological assumptions from the study by Kilpeläinen et al. (2011) in the forestry industry in 

Finland such as an 80-year rotation cycle.  

The wooden material is assumed to stay with the building for the full service-life phase of the building 

and not be substituted. The harvest takes place on year zero (via EPD) and the biogenic uptake of the 

forest area used after harvest is not seen in this analysis. The release of biogenic carbon at the end of 

the life cycle is for the sake of consistency also ignored. The methodology used by Kilpeläinen et al. 

(2011) is too complicated to apply to calculate the carbon sequestration. EPD data is used instead. 

Calculating the impact of the forestry is complicated and requires several value judgements. There are 

decisions and information necessary regarding for example: the growth rates, alternatives use of the 

land, soil carbon balance, rotation period, etc. This goes beyond the scope of this thesis which focuses 

instead in the temporal lifecycle of the materials used. Finally, it is worth noting that the pilot study 

demonstrates that the wooden structure has a lower impact even when totally disregarding the 

carbon dioxide uptake and delayed emission which is a more severe stance than the “carbon-neutral-

equals-climate-neutral” paradigm. Giving complete or partial credit for the uptake and storage of 

carbon and seeing the release at burning as an emission still led to lower impacts than the processes 

associated with the concrete building. The temporal process was still carried out to maintain a 

consistency along both materials and to explore the complexities associated with carbon accounting 

in wooden materials. 
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3. Results 
The results showed that concrete building has a higher GWP than wooden building. Regarding the 

different scenarios which can be analyzed to carry potential changes to the existing process, slag 

cement and hybrid buildings proved to be must significant. Transport is not significant. In terms of the 

temporal dynamics, the application of time dynamics did not prove relevant to the aim of this study. 

The results however were noteworthy. As expected from the mathematics, the GWP of the delayed 

emissions was lesser than the conventional results. This is a reduction ranging from 12 to 55% across 

the analyzed factors depending on their delay and absolute size.  

3.1 Inventory 
The inventory is available in the Appendix A. 

 

3.2 Conventional LCA 
The results are shown in the tables and figures below. The change in the use of transport from EURO4 

to EURO 5 accounts for a change of 7t CO2 or 0.02% of the total building. This is quite likely within the 

error margins of this LCA and IPCC GWP calculations. It is therefore not relevant. A change from using 

CEM II (or fly ash cement which is currently used) into CEM III (or slag cement) would lead to a decrease 

of circa 114 kg CO2eq per cubic meter of concrete produced. This leads to a 60% decrease due to 

concrete which dominates the next stages of the process (see figures 6 & 10 for the construction and 

overall impact of cement, respectively). Using the slag concrete leads to a reduction of circa 25% in 

CO2 eq emissions in the A1-A5 phase. Its emissions are still higher than the wooden structure albeit 

there may be differences in the energy use of the building.  

As discussed in the introduction and section (see section 1.5 Thermal Mass), thermal mass of the 

building influences the energy necessary to heat or cool a building. The slag cement would have lower 

assembly impacts than CEM II cement. It could be expected to also have a similar thermal mass as its 

concrete hence reducing the energy necessary to heat or cool a building. Additionally, concrete 

buildings have more load bearing capacity for the façade so further adding thermal mass via the façade 

is a remains a possibility with slag concrete.  

Another possibility is to combine concrete and wood to create a hybrid building (as discussed in 

section 1.3 Concrete, Wood, and Hybrid). The trend is linear ranging from concrete to wood building. 

Every floor which goes from concrete to wood leads to 109 tons of CO2 eq. This shows that increasing 

the amount of wood leads to lower carbon emissions in the assembly phase. The underlying 

assumption is that the floors above the first are the same weight which does not reflect reality. Again, 

the thermal mass of the building for hybrid buildings is an interesting case for further analysis. 

Finally, the lowest GWP result is the assembly of the wooden building without reduction of biogenic 

uptake by GWPbio. The result highlights the role of biogenic uptake as disproportionally important in 

the calculation. The latter even has an “negative” impact (read environmentally positive, see figure 7). 

The second lowest was the wooden building with the reduction from GWPbio. Table 1 shows the results 

as CO2 eq values over 100 years. Not shown here but available in Appendix B are the results regarding 

the testing of different life cycles and modeling the impact of thermal mass. Lifecycles were tested 

assuming a service life of 50, 61 and 99 years (see section 2.2 Dynamic Life Cycle). Those results show 

the increase of importance of the dynamic analysis and an overall sensitivity testing for other factors. 

Lastly using different yearly energy demands for heating depending on the thermal mass leads to an 

increase in the significance of the building's service phase. However, this does not change the 

overarching result in the comparison between materials.  
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Table 1: Results from SimaPro for the conventional scenarios of the study.  

Descriptor Life Cycle 
Phases 

Data sources IPCC GWP100 kg 
CO2 eq 

Assembly 

Concrete CEM II 2,3 
tons not-reinforced 
cradle-to-gate 

A1-A3 EPD and 
Database 

326 kg 

5 meters element 
for external wall 
reinforced 4,9 tons 
cradle-to-gate 

A1-A3 EPD and 
Database 

957 kg 

Concrete CEM III 
(Slag) 2,3 ton not-
reinforced cradle-
to-gate 

A1-A3 EPD and 
Database 

128 kg 

Construction 

CEM II concrete 
Building 

A1-A5 EPD and 
Database 

875 t 

Cement Transport 
Alternative 

A1-A5 EPD and 
Database 

872 t 

CEM III (Slag) 
Cement 

A1-A5 EPD and 
Database 

661 t 

Hybrid 5/1 
cement/wood 

A1-A5 EPD and 
Database 

848 t 

Hybrid 4/2 
cement/wood 

A1-A5 EPD and 
Database 

739 t 

Hybrid 3/3 
cement/wood 

A1-A5 EPD and 
Database 

630 t 

Wooden building 
excluding Biogenic 
Uptake 

A1-A5 EPD (altered) and 
Database 

305 t 

Wood including 
Biogenic Uptake 

A1-A5 EPD and 
Database 

-590 t 
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Figure 6: Impact of the different ingredients of the concrete, where blue is cement with circa 89% of 

the climate impact. Cut-off is 0,90%. 

Figure 7: From left to right: Concrete building, Concrete building with alternative transport, Slag 

cement concrete building, Hybrid buildings (cement:wood) 5:1 , 4:2, 3:3, Wooden building GWPbio, 

and Wooden Building including Biogenic Uptake. The change in transport is not relevant. Slag and a 

the 5:1 and 4:2 hybrids have comparable GWP in the production phase.  
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3.3 TAWP 
The TAWP does not impact A1-A5 which is assumed to happen within the first year. The impacts as 

well as the TAWP are applied on Table 2 when they are applicable. Note that the GWPbio is reported 

the assembly phase. The credit for the delay of the emissions are spread through the service life and 

demolition of the building. The GWPbio method is fundamentally a dynamic method so there is no way 

to analyze this in conventional terms (Breton et al., 2018). These values lower the role of carbonation, 

the impact of the use phase of the building and the avoided products from the D phase recycling. The 

lowest change is of 11% regarding the change in the overall impact of the life cycle of the concrete 

building. Conversely, the greatest relative change was in the carbonation after destruction of 51%. 

This is due to first the delay in the process of 50 years until the point of deconstruction and then the 

slow but continuous uptake of carbon for the remainder of the 50 years. The second highest relative 

change was in the carbonation during the use phase (39%). This is due to the slow nature of 

carbonation and the overall low values which make it more sensitive. In terms of most variation is the 

energy, in which the dynamic analysis gives a result 120 CO2 eq tons lower. This must be considered 

in the fact that the Swedish energy mix has low values. If the same methodology were applied to a 

building situated in a country with a more impactful energy mix, the change due to the application of 

this methodology would be considerable higher (see section 4.1.2 Sensitivity check). The recycling 

results leads to a methodological discussion regarding the allocation method, not only in the structure 

of the LCA but when does the allocation occur. This issue will be discussed in the next chapter (see 

section 4.4 Temporal assumptions in LCA).  

 

 

Figure 8: A comparison between the conventional LCA and TAWP. Note that due to how GWPbio is 

calculate it is attributed to the A1-A5 section, which does not match reality. The credit should be 

given during the use phase and release. For the aim of this study, the time adjustments were not 

relevant as the comparison favors wood regardless.  
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Table 2: Results from SimaPro and TAWP values for the different scenarios of the study. Notice the 

different units in the two sections. The first section uses tons and the second uses kilograms so they 

cannot be compared directly.  

Descriptor Life Cycle 
Phases 

Data sources IPCC GWP100 CO2 
eq 

TAWP100  
CO2 eq 

Full Building Life Cycles 

Concrete Building 
Life Cycle, 50 years 

A1-A4, B6, 
Carbonation, 
C & D 

EPD and 
Database 

1 521 t 1 358 t 

A1-A5  956 t 956 t 

B6  610 t 490 t 

Carbonation  -41 t -35 t 

C & D  -87 t -53 t 

Carbonation  -124 t - 61 t 

Wood Building Life 
Cycle without 
biogenic uptake, 50 
years 

A1-A4, B6, C 
& D 

EPD and 
Database 

804 t t 708  

A1-A5  305 t 305 t 

B6  610 t 490 t 

C & D  -111 t -86 t 

Wood Building Life 
Cycle with biogenic 
uptake via GWPbio 

A1-A4, B6, C 
& D 

EPD and 
Database 

745 t t 650  

A1-A5  246 t 246 t 

B6  610 t 490 t 

C & D  -111 t -86 t 

Life Cycles per m2 

Concrete Building 
Life Cycle, 50 years 

A1-A4, B6, 
Carbonation, 
C & D 

EPD and 
Database 358 kg 319 kg 

A1-A5  225 kg 225 kg 

B6  143 kg 115 kg 

Carbonation  -10 kg -8 kg 

C & D  -20 kg -12 kg 

Carbonation  -29 kg -14 kg 

Wood Building Life 
Cycle without 
biogenic uptake, 50 
years 

A1-A5, B6, C 
& D 

EPD and 
Database 

189 kg 166 kg 

A1-A5  72 kg 72 kg 

B6  143 kg 115 kg 

C & D  -26 kg -20 kg 

Wood Building Life 
Cycle with biogenic 
uptake via GWPbio 

A1-A5, B6, C 
& D 

EPD and 
Database 

175 kg 153 kg 

A1-A5  58 kg 58 kg 

B6  143 kg 115 kg 

C & D  -26 kg -20 kg 
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Figure 9: Analysis of the which stages impact the A-D Concrete building. Where dark green is A1-A5, 

with circa 60%, light green and brown are electricity with circa 30% for use (25%) and electrical 

heating (5%). The negative values are carbonation in yellow (service phase), red (post-use phase) 

and the dark blue is the credit given due to recycling process.  

 

 

Figure 10: Chart showing the impact contribution of the assembly of one full concrete building (A-D) 

in percentile. Notice how cement still dominates the process. Cut-off is 1,6%.   
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4. Discussion 

In this section the results will be discussed both within the framework of the iso standard within the 

field and from a scientific methodology perspective. 

4.1 Evaluation  
The ISO 14044 recommends three checks to ensure openness in reporting the results: completeness, 

sensitivity, and consistency. This allows for an overview of the limitations and constraints when 

making recommendations. 

4.1.1 Completeness check 
Since this is a comparative LCA, which highlights the differences between concrete and wood 

construction. Any aspects that were the same were ignored. It is an incomplete LCA and cannot be 

used to state that a certain construction will lead to a specific emission. Even the relation to other 

emissions can be skewed by this focus. For example, the lack of a facade that is assumed to be the 

same can bring further impact to the embodied carbon (A1-A5) of the building. So, relations for 

complete LCA which describe the relationship between distinct stages in better detail, the topic has 

been extensively covered in the existing literature. However, with the major sources of emissions 

covered and particularly concrete structures in greater detail something can be said about the 

individuals impact up to construction and of the dissimilarities between the two materials which is the 

aim of this LCA. The lack of replacement can call into question the results from the storage of wood. 

The wood was however assumed to be stored in the building for the full duration of the service life. 

The lack of the inner furniture, especially white goods, could have interesting ramifications for the 

time analysis due to the diverse nature of the greenhouse gas properties of coolants. Finally, only the 

single of global warming potential was used. This leaves issues relevant to environmental decision 

making out of this assessment. Other issues are also interesting for dynamic analysis, particularly 

toxicities where acuteness and cumulative rates are relevant (Shimako et al., 2018). 

 

4.1.2 Sensitivity check 
The overarching results of this analysis support the existing literature as far as the construction of 

wooden as oppose to concrete buildings has lower impacts. Where the results herein go against the 

existing body of literature is the use phase. The results herein where compared with the existing 

literature and EPDs from the industry to establish validity. They were within a reasonable 10% of the 

results. Only the heating and energy factors (B6) were taken into consideration in this study. In other 

studies which address the same question the impact of the use phase was much higher relative to the 

embodied carbon emissions. This is due to the low emissions of the energy in Sweden and the use of 

district heating. See the sensitivity analysis section of Adalberth et al. (2001) which exemplifies the 

impact of the choice of energy mix on the ratio between assembly and service phases. Adalberth et al 

(2001) compare three buildings in Sweden. As per much of the literature around the world, when 

using the European technology mix their results showed use phase as the most impacting phase. 

However in their sensitivity analysis they carry out, as is done here, the test again with the Swedish 

energy mix. This leads to lower values for the use phase, comparable to the ones in this thesis. 

Therefore, it is possible to assign this mismatch with the research body to the choice of energy mix. 

The asymmetry is due to the missing elements in the use phase (B1-B5). The inclusion of the 

carbonation reaction, which is often not carried out, as part of the use also reduces the overall impacts 

thereof. Different service lifetimes were tested for sensitivity, namely base case of 50, 61 and 99 years 

particularly to test the nature of the temporal dynamics. It did not affect the results regarding the aim 

of this study. The effective difference of conventional and temporal dynamics did expectantly change.  
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4.1.3 Consistency check 
The distinct aspects such as allocation, weighting and dynamics of life cycle assessment have been 

applied consistently apart from wooden products in the dynamic case. The same allocation, namely 

allocation at point of substitution (APOS) was applied to all materials. The choice of weighting was 

focused on GWP100 for the conventional LCA, TAWP100, and GWPbio also in the 100-year perspective. 

Other methods can be used to analyze this issue such as Absolute Temperature Potential and the 

cumulative sum Absolute Warming Potential. The choice of 100 years fits both the case study and the 

expectations of the industry. Consistency was necessary to establish valid comparisons due to the 

nature of GWP calculations. In the dynamic analysis, a different calculation was used to treat wooden 

products. See methods section 2.2 Dynamic Life Cycle for the reasoning behind this decision. It did not 

affect the results significantly in terms of the aim of this study. 

4.2 Reductions of greenhouse gases: Slag and Hybrid Constructions 
The results show which pathways for the reduction of carbon dioxide emissions are most viable using 

slag and hybrid constructions. Using Slag Concrete would have a similar impact on reducing global 

warming potential as producing a building with three floors of wood. This is without considering lower 

values for the energy during the use phase which are expected to be lower due to the higher mass of 

the building. Furthermore, lower amounts of cement promote more carbonation which reduces the 

lifetime impacts of the slag concrete building. Hybrid buildings would allow for considerable 

reductions in the emission on the first stages. This implies that there are benefits to building the base 

of cement and higher floors using wooden walls. The impact of the thermal mass of the building which 

is constructed in this fashion can be designed to improve the benefits of thermal storage whilst using 

less cement in its structure. This can lead to both the wanted reduction in emissions during the 

building phase as well as reductions in the use phase due to the thermal masses.  

 

4.3 Impact of Temporal Dynamics 
The application of dynamics to the LCA has caused a reduction in the overall impact. The reduction of 

the energy delayed emissions is higher than the impact of the delay of the environmental "gains" of 

the D-phase and carbonation. The relative impact of the embodied carbon (A1-A5) becomes greater 

which is important for the decision-making process. In the construction process, there are decisions 

to be made balancing the construction and life service such as choice of material as well as amount of 

isolation or building integrated photovoltaics. Including temporal dynamics in this comparison did not 

change the results. The conventional and dynamic life cycle assessments provided the same answer 

in the comparisons of the material. This does not however hold for all cases. The differences between 

the different processes in the conventional and dynamic calculations varied up significantly up to 51%. 

This difference needs to be considered when making decisions which result in emissions at different 

time points. A temporal dynamic LCA is therefore recommended to decisions in the construction 

particularly in cases which the analysis is closer than this case study. 

 4.4 Temporal assumptions in LCA 
There are methodological splinters at the different choices available to researchers to conduct DLCA. 

These choices have different interpretations which must be made clear and justified. Take the choice 

of allocation methods available at Ecoinvent for example a cut-off and allocation at point of 

substitution (APOS). In a conventional LCA the choice, albeit important, is innocuous. In a temporary 

analysis choice regarding where in the supply chain and therefore when the allocations take place 

have large impacts for the temporal calculations. If the recycling of steel, for example, happens prior 

to construction as in with cut off the time adjusted is none. If it happens after construction, 50 years 



28 
 

of service, and deconstruction, the temporal recalculation is substantial. The same aspect is relevant 

in biogenic uptake calculations. Finally, the choice of methodology also impacts the results 

significantly. Whether the emissions are time adjusted as in this case study where later impacts are 

weighted as lesser or the cumulative GWI calculated and displayed over the life cycle (Peñaloza et al., 

2018). These choices lead to different results in a temporal sensitive case. The decision to go with 

APOS is based on the underlying paradigm throughout this thesis. This is explicitly put that the 

materials will be followed through their lifetimes and the relevant emissions modeled with their time 

aspects. 

4.5 Further Studies 

 There are three issues that can be addressed by more research. Carbonation rates, detailed temporal 

dynamics, and carbon dioxide thresholds can be addressed in a similar framework as this study. 

Carbonation rates are not static but dependent on both temperature and the available amount of 

carbon in the atmosphere. A continued release of carbon dioxide as can be assumed to occur in the 

coming years will lead to the growth in carbon pressure which in turn affect the carbonization depths. 

The current quantity mixed into the atmosphere also affects the climate change impact of a new kilo 

of carbon dioxide. Further studies can use prognostics of greenhouse gases such as the scenarios by 

the IPCC and incorporate these into the impact factor of a new future emission. A backward-looking 

DLCA can address with more detail the different energy mixes as well as accounting for the weather 

of different years or even months. Another important aspect is the thresholds involved in climate 

science. Melting tundra ice and changing of the albedo due to snow loss are limits which in of 

themselves cause further CO2 equivalent emissions. Whether large greenhouse gas emissions take 

place today or in 50 years can have grave consequences for the “real world” if these emissions trigger 

further releases of methane in Siberia’s tundra or change the albedo of the poles. These impacts are 

difficult consider but further illustrate the importance of a time dynamic in the calculations of impacts. 

Finally, methodological issues should be discussed in a reviewing paper such as the work of Breton et 

al. (2018).  
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5. Conclusion 

 

5.1 Addressing research questions 
This section is divided based on the research questions which are asked in the introduction (see 

section 1.7 ).  

5.1.1 Sources of Greenhouse Gases 
For concrete building, the answer is the cement. Vast majority the impact from the buildings’ element 

comes from the cement. Secondly is the steel which varied in amount and therefore impact the 

different elements. Energy and heat are then a major factor in the full life phase. Energy and heat mix 

accounts for 40% of the total life cycle emissions. 

In the wooden building, the largest factor is how biogenic uptake is calculated. This is a problematic 

issue which must be somehow addressed. Otherwise, the assembly still dominates the impact. This 

may be due to the simplification made in the calculations which make the result questionable. The 

infrastructure, energy, and heat use were assumed to be the same as the cement factory. Whilst the 

heat amounts and technology mix are similar, that cannot be said about the other two factors.  

5.1.2 Lowest Hanging Fruits 
Whilst no economics aspects where taken into consideration, the choice of material is a major aspect 

for the building. Choosing wood as a material choice reduces the carbon footprint most effectively. 

Within cement the change of transport can provide a minimal change to the carbon footprint with a 

little adjustment to the existing structure. Despite the masses discussed herein, transport was not a 

major impact source. 

5.1.3 Use of Wooden Products 

All elements type except for one which is the same composition are favored towards wood. 

Constructing a hybrid building provides a linear and relevant decrease in the GWP of the building. 

Underscoring the answer above, the more wood is incorporated the lower the footprint. This is 

especially the case if the befits of a high thermal mass can be achieved in a hybrid case. 

 

5.1.4 Dynamic Life Cycle Assessment 

There are several methods to calculate the impact of delay in the emissions of the life cycle of a 

building. On the one hand this is a strength which allows for specific tools to be applied to specific 

materials, see for example GWPbio in the case of wooden materials. On the other hand, this multiplicity 

is problematic and adds to the already complex subject matter. This thesis makes choices based on 

the existing literature and the specific problems herein. But there are also value judgments made. 

5.1.5 Biogenic uptake and carbonation  
Biogenic uptake dominates the parameters of GWP. Uncritically analyzed it can lead to 

overwhelmingly negative emissions (read reduction of climate change). It outweighs any other factor. 

So even though the results favors wood see section 3.2 Conventional LCA), the subject is more 

complex than that. Biogenic uptake must be taken into the full life cycle of the product and not only 

in its initial stages. The delay here does translate into a halving of the captured carbon so albeit 

positive this effect is moderate by its eventual rerelease into the atmosphere. Carbonation is 

accounted for in few case studies. In situ, carbonation never happens fully. Even the small ratio of the 
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calcination process which can be taken up takes place slowly and only during the final stages of the 

building. In a dynamic perspective the delay until deconstruction, when the majority takes place, is a 

considerable factor. This effect moderating the emission uptake subtracting a fifth of its conventional 

total. There is no reason for carbonation not to be accounted for in conventional or dynamic studies. 

A failure to do so is in most cases a lack of completeness. 

5.2 Recommendations 

In accordance to the ISO 14044, recommendations should be made only based in full conclusions 

which overcome limitations. While this project is not sufficient to make recommendations on the full 

life cycle of the building (see section 4.1.1). This case study can discuss the two alternative scenarios 

for the material choice, preparation of cement, namely improvement of transport and use of slag 

cement. The latter has a relevant impact reduction in the A1 to A5 scale which is pertinent to the 

commissioner of this LCA.  

The recommendation to the commissioner is therefore to incorporate wood wherever feasible. Where 

cement must be applied, slag can be a relevant improvement if the issues of working with it can be 

addressed. It is finally worth noting that the CEM II or fly ash cement currently used is a vast and 

commendable improvement into the previous use of CEM I or Portland cement.  

To practitioners of LCA and DLCA, the lessons learnt here can be relevant for future studies. The 

inclusion of carbonation is a recommendation. Furthermore, temporal issues should be addressed to 

the best possible complexity or at the very least discussed openly. This is especially the case for objects 

with longer service lives such as this case study. The ICLD (European Commission and Joint Research 

Centre, 2010) has a simple recommendation to allow for the accounting of temporal issue when 

recycling or reusing if the use of dynamics is not appropriate. This will allow for the development of a 

field’s working method to be established within practitioners.  
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Appendix A 
The results from the life cycle inventory were displayed. These were not deemed relevant to the 

results as they are quite extensive. They are made available here to allow for a critical analysis of the 

process and potentially replication.  

Table 1: Raw materials for 2,4 tons of concrete (A1). The quantities were obfuscated for the sake of 

confidentiality. 

 

Material Database Equivalent Source 

Cement CementaCEMII EPD Cementa CEM 
II 

Lime Lime, packed {RoW}| 
market for lime, packed 
| APOS, U 

 

Water Tap water {Europe 
without Switzerland}| 
market for | APOS, U 

 

Crushed Rock 0-4 mm Gravel, crushed {SE}| 
production | APOS, U 

Altered from 
database to fit local 
context (energy mix 
etc.) 

Crushed Rock 8-16 mm Gravel, crushed {SE}| 
production | APOS, U 

Altered from 
database to fit local 
context (energy mix 
etc.) 

Additive Polycarboxylates, 40% 
active substance 
{GLO}| market for | 
APOS, U 
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Table 2: Transport of the materials from sourcing to assembly site for 2,4 tons of concrete (A2). Note 

that market values were used for other materials thus their transport is included. 

 

Material Quantity  Database Equivalent Source 

Cement Sea Transport 244000 kgkm Transport, freight, sea, 
transoceanic ship 
{GLO}| market for | 
APOS, U 

Based on estimated 
distances from 
known sites. 

Cement Land 
Transport 

91400 kgkm Transport, freight, lorry 
>32 metric ton, EURO4 
{GLO}| market for | 
APOS, U 

Based on estimated 
distances and 
information 
provided by the 
supplier of the 
service. 

Aggregates transport 41700 kgkm Transport, freight, lorry 
>32 metric ton, EURO4 
{GLO}| market for | 
APOS, U 

Based on estimated 
distances and 
information 
provided by the 
supplier of the 
service. 
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Table 3: Assembly to produce 2,4 tons of concrete (A3). Similarly, wood has the same processed 

taking the consideration for the weight scale. The quantities were obfuscated for the sake of 

confidentiality. 

 

Material Database Equivalent Source 

Heat Heat, district or 
industrial, other than 
natural gas {SE}| heat 
and power co-
generation, wood 
chips, 6667 kW, state-
of-the-art 2014 | APOS, 
U 

Billing information 
for 2019 and 
contact with the 
supplier 

Electricity Electricity, low voltage 
{SE}| market for | 
APOS, U 

Average based on 
billing information 
2019 

Infrastructure of the 
factory 

Concrete mixing factory 
{RoW}| construction | 
APOS, U 

 

Diesel Diesel, low-sulfur 
{Europe without 
Switzerland}| market 
for | APOS, U 

Used for running 
machinery and 
transport within the 
factory. Amount 
based on estimate. 
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Table 4: Materials needed to produce one meter (or one-meter square of flooring) different 

compartments of the concrete building (A3). Note that the thickness of the different walls varies. 

 

Material Quantity Database Equivalent Source 

Outer Wall 

Concrete 955,00 kg ConcreteCEMIIProcess Process which 
encompasses the 
previous tables. 

Reinforcing Steel 30,60 kg Reinforcing steel 
{GLO}| market for | 
APOS, U 

 

LS Wall 

Concrete 1270,00 kg ConcreteCEMIIProcess Process which 
encompasses the 
previous tables. 

Reinforcing Steel 24,20 kg Reinforcing steel 
{GLO}| market for | 
APOS, U 

 

Floor, one meter squared of floor 

Concrete 581,00 kg ConcreteCEMIIProcess Process which 
encompasses the 
previous tables. 

Reinforcing Steel 0,04 kg Reinforcing steel 
{GLO}| market for | 
APOS, U 

 

Heart Wall 

Sawn wood 82,50 kg Sawnwood, softwood, 
dried (u=20%), planed 
{RER}| market for | 
APOS, U 

 

Gypsum Plaster 19,60 kg Gypsum plasterboard 
{GLO}| market for | 
APOS, U 
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Table 5: Materials needed to produce 1 meter (or 1 m2 of flooring) different compartments of the 

wooden building (A3). Note that the thickness of the different walls varies. 

Material Quantity Database Equivalent Source 

Outer Wall 

Cross Laminated wood 322,00 kg MartinsonsKL EPD from supplier 
with transport to 
assembly site 
manually added 

Gypsum Plaster 11,70 kg Gypsum plasterboard 
{GLO}| market for | 
APOS, U 

 

LS Wall 

Cross Laminated wood 283,00 kg MartinsonsKL EPD from supplier 
with transport to 
assembly site 
manually added 

Gypsum Plaster 23,40 kg Gypsum plasterboard 
{GLO}| market for | 
APOS, U 

 

Polystyrene Foam 8,23 kg Polystyrene foam slab 
{GLO}| market for | 
APOS, U 

 

Floor, one meter squared of floor 

Glued wood 9,46 kg MartinsonLim EPD from supplier 
with transport to 
assembly site 
manually added 

Gypsum Plaster 19,60 kg Gypsum plasterboard 
{GLO}| market for | 
APOS, U 

 

Stone wool isolation 7,04 kg Stone wool {GLO}| 
market for stone wool 
| APOS, U 

 

Particle Board 0,02 kg Particle board, for 
indoor use {GLO}| 
market for | APOS, U 

 

Heart Wall 

Cross Laminated wood 141,00 kg MartinsonsKL EPD from supplier 
with transport to 
assembly site 
manually added 

Gypsum Plaster 46,80 kg Gypsum plasterboard 
{GLO}| market for | 
APOS, U 
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Table 6: Transport of full elements necessary for the construction of the building to a fictive building 

site in Stockholm (A4) and the values assumed for the construction process of the prefabrication 

process, which are the same for both buildings (A5). 

 

Transport Quantity  Database Equivalent Source 

Concrete Building Land 
Transport 

2,62 x 109 kgkm Transport, freight, lorry 
>32 metric ton, EURO4 
{GLO}| market for | 
APOS, U 

Based on estimated 
distances and 
information 
provided by the 
supplier of the 
service. 

Wooden Building Land 
Transport 

5,41 x 108 kgkm Transport, freight, lorry 
>32 metric ton, EURO4 
{GLO}| market for | 
APOS, U 

Based on estimated 
distances and 
information 
provided by the 
supplier of the 
service. 

Construction electricity 85100 kWh Electricity, low voltage 
{SE}| market for | 
APOS, U 

Using estimate of 
20 kWh per meter 
squared. 

 

Table 7: Energy use and heat mix for the whole use phase (50a) which is the same for both buildings. 

Also, the total carbonation rate in the 50-year use phase for the concrete building.  

Process Quantity  Database Equivalent Source 

Energy demand 85100 kWh Electricity, low voltage 
{SE}| market for | 
APOS, U 

Based on statistics 
provided by Energi 
Läget. 

District Heat 2,6 x 106 MJ Transport, freight, lorry 
>32 metric ton, EURO4 
{GLO}| market for | 
APOS, U 

Based on statistics 
provided by Energi 
Läget a heat mix 
was created. 

Natural gas Heat 217000 kWh Heat, district or 
industrial, natural gas 
{RER}| market group 
for | APOS, U 

Based on statistics 
provided by 
Energiläget a heat 
mix was created. 

Oil Heat 217000 kWh Heat, district or 
industrial, other than 
natural gas {SE}| heat 
and power co-
generation, oil | APOS, 
U 

Based on statistics 
provided by 
Energiläget a heat 
mix was created. 

Electrical Heat 2,7 x 10 6 kWh Electricity, low voltage 
{SE}| market for | 
APOS, U 

Based on statistics 
provided by 
Energiläget a heat 
mix was created. 

Carbonation 41143 kg Carbonation A homemade 
process which takes 
up one kilo of 
carbon dioxide.  
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Table 8: Post use phase sorting of waste and carbonation after deconstruction in the case of a 

concrete and wood. 

Process Quantity  Database Equivalent Source 

Concrete Recycling 90% of the concrete Waste reinforced 
concrete {Europe 
without Switzerland}| 
treatment of waste 
reinforced concrete, 
sorting plant | APOS, U 

Credit given to the 
production of 
recycled concrete 
aggregates as 
Crushed rock. 

Concrete Landfill 10% of the concrete Landfill of glass/inert 
waste EU-27 

ELCD process 

Steel Recycling 90% of the steel Waste reinforcement 
steel {RoW}| treatment 
of waste reinforcement 
steel, recycling | APOS, 
U 

Credit given to the 
production of 
recycled 
reinforcement 
steel. 

Steel Landfill 10% of the steel Landfill of ferro metals 
EU-27 

ELCD process 

Wood combustion 90% of the wood Waste incineration of 
wood products (OSB, 
particle board), EU-27 

ELCD process 

Wood landfill 10% of the wood Landfill of wood 
products (OSB, particle 
board) EU-27 

ELCD process 

Post use phase 
carbonation 

83393 kg Carbonation A homemade 
process which takes 
up one kilo of 
carbon dioxide.  
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Appendix B 
Here are the results of the thermal mass and sensitivity analysis of different buildings across 

different lifetimes. As discussed in the results section the analysis did not change the overarching 

results in terms of the goal of the study.  

 

Figure 1: Comparing the effect of changing lifetimes in the concrete building, from left to right: 50, 

61 and 99 years. Time sensitive analysis did not prove relevant. 

 

 

Figure 2: Total emissions over the lifetime of 99 years from left to right light wooden structure, 

concrete building with a light shell, and concrete with distributed weight. The woods lower assembly 

phase outweighs the use phase even with a higher energy use due to thermal mass. This is due to 

the low carbon energy mix in Sweden. 


