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1 Introduction 

Climate change will constitute one of the greatest threats to mankind in the 
future, having already exceeded the boundaries that will lead to irreversible 
environmental changes on Earth (IPCC 2014, Rockström et al. 2009). In order 
to successfully mitigate climate change, global greenhouse gas (GHG) 
emissions need to be cut by 40 to 70 percent from 2010 levels by the year 2050 
(IPCC 2014). Accordingly, the European Union has set more detailed climate 
change mitigation targets as well: a 20 percent cut in emissions for the year 
2020 and a 50 percent for the year 2050 compared to 1990 levels (European 
Commission Climate Action website). 

Buildings are responsible for approximately one third of consumed energy 
and the same share of global GHG emissions (Huovila et al. 2007). The real 
estate and construction sector also possesses the capacity to reduce GHG 
emissions, which are among the most feasible in a commercial sense as well 
(McKinsey & Company 2009). Thus, the real estate and construction sector 
has significant potential and responsibility for meeting the climate change 
mitigation goals.  

Reducing the energy consumption of the building stock directly reduces the 
GHG emissions of the buildings being used. Developing residential areas with 
new energy-efficient buildings is one established way of reducing building-
related GHG emissions. The Finnish government and local administrators 
have included new construction projects as one primary strategy for reducing 
the GHG emissions of the current building stock (Finland’s Environmental 
Administration 2011; City of Helsinki 2013; City of Turku 2009). The 
government’s and cities’ strategies for mitigating GHGs via new construction 
projects is in line with numerous studies that highlight the significance of use-
phase emissions on buildings’ life cycles compared to the other phases (e.g. 
Winther & Hestnes 1999; Ortiz et al. 2009 Junnila et al. 2006). However, the 
status quo of use-phase dominance in a building’s life cycle is changing due to 
lower energy consumption and, on the other hand, increased GHG emissions 
during the construction phase (Thormark 2002; Blengini & DiCarlo 2010). 
Additionally, uncertainties related to future emissions increase the relative 
significance of early, i.e. construction phase, emissions (Schwietzke et al. 
2011). Due to the peculiarities of the building sector, embodied energy and 
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detailed GHG assessments of a building’s life cycle are often excluded from the 
legislative, regulative and certification processes in the EU region (García-
Casals 2006). Underestimating or even excluding construction phase 
emissions in area design comparisons is likely to lead to biased conclusions 
due to how much construction phase GHG emissions account for all emissions 
during the life cycle of modern buildings. 

The focus of the dissertation is on GHG emissions during the life cycle of 
a 1residential area and their contribution to climate change. Assessments of the 
GHG emissions of individual buildings are well represented in the current 
literature (e.g. Adalberth 1997; Saari 2001; Junnila et al. 2006; Asif et al. 
2005; Koskela et al. 2011, Rossi et al. 2012). However, the GHG emissions of 
entire residential areas, including the infrastructure, have been studied far less 
often in the past. Additionally, the analysis of construction and use-phase 
GHG emissions is often carried out by summing up the absolute amounts of 
a building’s life cycle emissions and comparing them equally, while ignoring 
issues related to temporal occurrence (e.g. Thormark 2002; Junnila et al. 
2006). However, the life cycle assessments (LCAs) for buildings as highly long-
term products with extensive life cycles of 50 or even 100 years are susceptible 
to several time-related issues generally not recognised in most building LCAs 
(Dutil et al. 2011). Dynamic models that take the temporal aspect of emissions 
into consideration exist (Levasseur et al. 2010; Schwietzke et al. 2011), but 
they remain undeveloped within the context of the built environment. 
Neglecting the temporal dimensions of emissions is likely to lead to 
overestimating the use-phase emissions as, for example, energy generation 
technology supposedly becomes more sustainable in the future.    

The dissertation is a compilation of four papers that study the contribution 
of residential areas to climate change from various perspectives. The papers 
were published in scientific peer-reviewed journals during the years 2011–
2013. The studies focus on GHG emissions during the construction and use 
phases of residential areas. Two novel aspects of the studies are the area-level 
assessments, including infrastructure construction and the inclusion of a time 
aspect, in GHG assessments. The conclusions of the separate studies with 
different viewpoints are condensed into a single overall conclusion about the 
extent to which new residential areas contribute to climate change. 
Accordingly, the resulting policy implications of the conclusion are presented.  

According to the dissertation, construction phase contributes more to 
climate change than previous studies accounted for. This is due to the finding 
that construction phase causes major GHG emissions within a short period of 
time i.e. a carbon spike compared to the use-phase emissions, which are 
spread more evenly throughout the building’s life cycle. The emissions that 
occur as a building is being built are not equal to those that occur over a long 
period of time. This is due to the fact that emissions that will occur in the 
future include many uncertainties, which are likely to decrease the total 
amount of emissions and perhaps even negate the emissions completely. More 
radically, replacing current energy consuming residential areas with new 
energy-efficient ones will instantly cause a major carbon spike and increase 
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the GHG concentration in the atmosphere for decades. Yet, GHG emissions 
occurring early in a construction phase create more global warming compared 
to the emissions discharged later in the use phase (O’Hare et al. 2009). Thus, 
avoiding a carbon spike and extending the emissions across a longer time 
frame also contribute positively to short and midterm climate change 
mitigation goals. 

The results of the dissertation demonstrate that construction-phase 
emissions in residential areas with modern low energy and passive houses 
might dominate the cumulative life cycle emissions of buildings for decades. 
Construction-phase GHG emissions are dominated by building-related GHG 
emissions, although the infrastructure’s share is still noticeable. Making the 
current building stock more energy-efficient seems to be a more suitable way 
to mitigate climate change in the short and midterm compared to new 
residential constructions. Likewise, use-phase emissions are susceptible to 
many uncertainties due to area-level electricity and heating solutions and, 
above all, technological changes related to energy production in the future.  

The structure of the dissertation is as follows. Chapter two briefly presents 
the context of the research and the research problem. The third chapter 
focuses on the methodology of the dissertation, more specifically on LCA, 
a multimethod approach and case study research. Chapter four presents 
summaries of each of the four individual papers included in the dissertation. 
Chapter five presents the conclusions of the dissertation and discusses the 
implications of the results as well as evaluates the quality of the 
research. ome suggestions for future research are provided in 
chapter six.
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2 Research problem 

The current, commonly recognised trend of urbanisation creates a demand for 
new residential development projects, which are supposed to have a major 
impact on climate change. Additionally, people’s habit of moving from old 
building stock to new modern buildings further increases demand for new 
residential areas, while older buildings might be left unoccupied. The papers 
presented in the dissertation focus on GHG emissions resulting from 
construction projects and the use of residential areas. Residential construction 
is the largest individual construction sector in Finland with the share of nearly 
40 percent of all construction in the 2000s, which highlights the importance of 
studying the sector (Statistics Finland 2014). Additionally, heating of 
residential buildings consumes approximately one fourth of the total energy 
consumption in Finland (Statistics Finland 2013). This is the reason for 
focusing on residential construction in the dissertation although similar issues 
are timely on other construction sectors as well. Understanding the life cycle 
GHG emissions and the relative balance between construction and use-phase 
emissions in residential areas is essential for making sound decisions in terms 
of policies and regulations aimed at successfully mitigating climate change. 
The construction and real estate sector’s major role in mitigating climate 
change further increase the importance of the research topic. The main 
research question for the dissertation is structured as follows: 

‘How does the construction of a residential area 
contribute to climate change?’ 

The use of the word ‘how’ includes multiple viewpoints. The research 
presented here takes into account the multiple aspects contributing to climate 
change during the life cycles of residential areas. Each paper presents 
a distinct viewpoint on the research problem and makes a unique contribution 
to the conclusions presented in the dissertation. The research question, each 
paper’s contribution to the research question and the conclusion of the 
dissertation are presented in Figure 1. 
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Figure 1. Details from the studies presented in the dissertation. 

The focus of the dissertation is on the dynamics between construction and use-
phase GHG emissions in the life cycle of a residential area. In the dissertation, 
the construction phase is defined to include embodied emissions of 
construction materials and construction site. The dissertation’s concept of the 
construction phase is illustrated in Figure 2 using building’s life cycle phase 
definition of Junnila et al. (2006).  
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Figure 2. Definition of the construction phase in the dissertation according  
to the building life cycle phases of Junnila et al. (2006). 
 

The motivation for the research topic emerged from the climate change 
mitigation goals of the EU and the current paradigm of the construction and 
real estate sector, i.e. treating new construction projects as a suitable way of 
successful climate change mitigation. However, the studies presented in the 
dissertation provide evidence for an opposing point of view, where especially 
new construction projects that use current materials and technology seem to 
hinder the construction and real estate sector’s potential for meeting short and 
midterm climate change mitigation goals. 

The residential area construction studied in the first paper resulted in 
rather high GHG emissions per built area, and there was the perception that 
a1carbon spike might jeopardise short and midterm climate change mitigation 
targets. The motivation for the second paper came from the existing 
literature, which suggests that modern types of energy-efficient buildings have 
changed the widely prevailing status quo for the relative shares of building and 
use-phase GHG emissions. 

The findings of the second paper highlighted a possible conflict of interest 
between the EU’s climate change mitigation goals and the prevailing policies 
for energy-efficient residential area development. The nature of the second 
paper was relatively conceptual, so a more detailed analysis was necessary to 
study the ‘carbon payback times’ of new construction scenarios along with 
a1renovation scenario. Additionally, the model used in the second paper 
adopted a temporarily linear approach, where building maintenance and 
predicting how energy production would affect environmental performance in 
the future were not taken into consideration. A more sophisticated model 
should be built in order to strengthen the conclusions of the second paper. 

The third paper provided evidence of the major significance of GHG 
emissions during the construction phase of a building as part of the overall life 
cycles of modern buildings. However, the significance of use-phase GHG 
emissions should not be understated, and possibilities of decreasing the life 
cycle emissions of a building by cutting the use-phase emissions were 
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interesting. Decreasing GHG emissions and energy costs in a residential area 
by investing in area-level ground heat solutions or solar energy as an 
alternative for common electricity and heating methods was the main point of 
interest in the fourth paper. The fourth paper provided evidence that 
significantly reducing GHG emissions during either the use or construction 
phase would not be sufficient for successfully mitigating climate change. Thus, 
successfully minimising their harmful impact on the climate during both 
phases would provide a solid starting point for creating low-carbon residential 
areas. 

The residential area case presented in the fourth paper was a high-rise 
area; it was possible to compare this area with the case areas discussed in the 
previous papers, which consisted of detached and semi-detached buildings. 
The case residential area of the fourth paper represented typical Finnish 
high-rise buildings with concrete elements, and thus it provided another 
opportunity to experiment with the relevance of the construction phase carbon 
spike in a different setting. 
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3 Methodology 

.1 GHG assessments of the dissertation 

The research questions of the papers discussed in the dissertation take into 
account both the amount of GHG emissions during the construction and use 
phases of buildings as well as the GHG payback times of new constructions, 
retrofit projects or energy solutions. A methodology used to assess GHG 
emissions is LCA, which besides product manufacturing also includes all of the 
other life cycle phases of a product from raw material acquisition to disposal 
(e.g. ISO 14040). Although the general categories to consider with respect to 
LCA are resource use, human health and ecological consequences (ISO 14040), 
the studies presented in the dissertation only focus on GHG emissions and so 
belong to the streamlined type of LCA, which is limited in terms of depth, 
breadth and detail (Crawford 2011). Yet, the streamlined LCA results do not 
give insights into the other environmental effects of the analysed objects, and 
thus they do not present an overall picture of environmental performance. 
Other types of LCAs are baseline LCA and comparative LCA. Baseline LCA, 
also known as conventional LCA, is best suited for detailed environmental 
assessments of products, including several environmental effect categories. 
Comparative LCA is suited for comparing similar types of products in order to 
find the best option available. Comparative LCA usually begins with baseline 
LCA during the product’s development phase. Another commonly used 
categorization divides LCAs into attributional and consequential approaches 
(e.g. Curran et al. 2002; Ekvall & Weidema 2004).  The characteristics of the 
dissertation’s LCA approach match with the consequential type that is 
designed to generate information of the consequences in response to changes 
in the studied system (Curran et al. 2002). On the other hand, attributional 
approach aims at describing environmentally relevant physical flows to and 
from a studied system during the chosen temporal window. 

The methods used for the assessments were hybrid LCA and input-output 
(IO) LCA, which are described extensively in the papers. Here, the focus is on 
the core characteristics of the methods. Hybrid LCA represents a combination 
of the two most established LCA methods: process LCA and IO LCA. Process 
LCA is capable of specific product analyses, but it tends to lack system 
completeness due to subjective boundary definitions (e.g. Bilec et al. 2006; 

23 



Methodology 

Hendrickson et al. 2006). IO LCA is capable of taking all direct and indirect 
environmental effects into consideration due to its economy-wide perspective. 
On the other hand, IO assessments are conducted using aggregated industry 
data, and thus the method is not well suited for assessing unusual products. As 
a1combination of the two LCA methods, hybrid LCA is designed to take 
advantage of the strengths of both methods while avoiding their weaknesses. 
Thus, IO-based hybrid approaches are well suited for assessing environmental 
impacts within the context of a built environment. This is due to the complex 
nature of a built environment and significant impacts on upstream stages far 
away from the main construction process (Crawford 2011). 

Some of the general problems of IO LCA models have to do with their 
homogeneity and proportionality assumptions. (Crawford 2011). Homogeneity 
and proportionality problems indicate that all products within an IO sector are 
supposedly similar or direct substitutes, produced in fixed proportions, and 
that a change in the output of a sector will proportionally change the inputs 
accordingly. The main problem with IO LCA models is their high level of sector 
aggregation (Suh & Huppes 2002; Suh et al. 2004; Bilec et al. 2006; 
Hendrickson et al. 2006). IO models consist of varying numbers of sectors, 
which represent the products of the respective industry. As the number of 
sectors is moderately limited, the IO LCA practitioner must select the ‘most 
suitable’ sector for a certain assessment, which does not necessarily represent 
the actual modelling product but an average product of the industry. Thus, IO 
LCA models are not suitable assessment tools for detailed process level 
analyses or specific product comparisons (Bilec et al. 2006; Hendrickson et al. 
2006). 

The IO models used in the papers discussed here are Economic Input-Output 
Life-Cycle Assessment (EIO-LCA) (Carnegie Mellon University Green Design 
Institute 2008) and ENVIMAT (Seppälä et al. 2009). The EIO-LCA model, 
developed by the Green Design Institute at Carnegie Mellon University in 
Pennsylvania, is based on the American economy in the year 2002. ENVIMAT 
is an IO model based on the Finnish economy, which was compiled using the 
years 2002 and 2005 for statistical data. The IO models form a foundation for 
the hybrid model, which is then enhanced using local and current process 
data. The LCA models of the dissertation are susceptible to the limitations 
described briefly in this chapter. The more detailed descriptions of the LCA 
models and the uncertainties related to them are discussed in the papers and 
later in the conclusions and discussion –chapter. 

.2 Methodological context 

.2.1 Multimethod approach 

The dissertation employs a multimethod research approach, wherein the 
results of the LCAs provide evidence of phenomena, which are then compared 
as scenarios and placed into a particular context. The multimethod 
(triangulation) research approach is useful for capturing a more complete, 
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holistic and contextual portrayal of the units under study (Jick 1979). The 
multimethod approach used in the dissertation is a part of ‘within method’ 
triangulation, which is suitable for cross checking internal consistency or 
reliability (Jick 1979). 

In practice, the LCAs used in the studies, although being numerical, are of 
an analytical nature, as they do not include discrete hypotheses or any 
statistical analyses. Besides numerical assessments, answering the research 
questions of the studies also requires further analysis. The nature of the 
analysis is qualitative since researchers interpret the LCA results within 
a specific context using literature and their own understanding. 

.2.2 Case study research 

The multiple case study methodology made it possible to seek evidence with 
respect to question about the current status quo. As one example of the 
possibilities of case studies, Eisenhardt (1989) states that building theory from 
case studies derives from the juxtaposition of contradictory or paradoxical 
evidence. The contradictions in current policies and the results of the case 
studies raise further questions about the sensibility of current policies and 
practices. 

The papers presented in the dissertation have different research questions, 
but the research settings and methods are quite similar. Thus, the use of 
similar LCA applications at multiple construction projects with similar results 
indicates the benefits of replication (Yin 1994). The case studies follow the 
multiple case study setting adopted by Yin (1994), where each individual case 
study consists of a ‘complete’ study in which the resulting evidence is based on 
the characteristics of each case. Furthermore, the conclusions of an individual 
study need to be verified by the other cases.  Although the number of cases in 
the dissertation is modest, they have a multiple analytic power compared to 
a1single case study (Eisenhardt & Graebner 2007). Thus, using multiple cases 
typically leads into a more robust, generalisable and testable theory compared 
to a single case study. The findings from the case studies discussed in the 
papers, i.e. high construction phase GHG emissions in a short time period, 
that contribute to the main findings of the dissertation are in line and thus 
support each other and increase the analytic power of the dissertation. 

The consecutive case studies follow a theory building process that was 
borrowed from the case study research of Eisenhardt (1989). There were no 
detailed hypotheses prior to the studies and the cases were selected via 
theoretical sampling, which may be useful for replicating previous cases or 
expanding upon an emerging theory (Eisenhardt 1989). The sampling and 
hypotheses of the research were developed during and between the individual 
studies based on the previous conclusions. The cases discussed in the first 
three papers represented a residential area with detached and semi-detached 
buildings, whereas the residential area case discussed in the fourth paper 
consisted of apartment buildings. The characteristics of the case areas and 
scenarios were based on developing companies’ plans, which determined the 
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characteristics of the studied buildings and energy systems. Additionally, some 
scenarios were included for comparison as they were considered interesting 
and timely by the researchers. The goal of the scenario analysis was not a high-
detailed analysis but rather a scenario comparison focusing on the most 
influential and timely aspects of the scenarios. The LCA application used was 
the EIO-LCA-based hybrid model in first three papers and the ENVIMAT-
based hybrid model in the fourth paper. 

26 



4 Summaries of the research papers 

All of the studies discussed in the dissertation contribute to the single research 
question:  

‘How does the construction of a residential area 
contribute to climate change?’ 

Each paper has a distinct viewpoint with respect to the research problem and 
makes a unique contribution to the conclusions presented later in the 
dissertation.  

.  Paper 1: Carbon Footprint Assessment of a Residential 
Development Project 

The primary purpose of the first paper was to discover the GHG emissions of 
a1residential development project in Finland. The area level assessment 
includes also infrastructure construction that is usually excluded from building 
level assessments. The secondary purpose of the study was to experiment with 
the specific hybrid LCA application when studying the GHG emissions of 
a1residential development project.  

The case study focused on a planned residential area in southern Finland, 
which consisted of 219 houses and could accommodate approximately 600 
residents. The total building area for the case study was approximately 35.400 
square meters. The area began to be developed in 2004. Two sets of data were 
used in modelling process: the costs for the whole construction project and the 
amounts of the most significant materials used in the construction project. 

The LCA methods used in the study were IO LCA (EIO-LCA) and tiered 
hybrid LCA. The research process was carried out in three phases. During the 
first phase, the GHG emissions for the construction project were modelled 
using the single residential construction sector of the EIO-LCA model. During 
the second phase, the construction materials, electricity and subcontractors’ 
services were divided into separate categories and assessed using the 
respective EIO-LCA sectors. The hybrid LCA model was created during the 
third phase by replacing the most significant construction materials and 
energy sectors in the EIO-LCA model with quantity data and modelling their 
GHG emissions using local and current environmental data.  
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The results of the study indicate high construction phase GHG emissions per 
both constructed gross area and inhabitant. Concrete, steel and brickwork 
cause the most GHG emissions of the construction materials. Emissions 
caused by the production of energy used on the construction site causes 
a significant share of the total emissions as well. Additionally, the 
infrastructure’s share of the GHG emissions for the residential construction 
project is noteworthy nine percent. The method of choice for the study, i.e. 
tiered hybrid LCA with a wide IO LCA basis, resulted in significantly more 
GHG emissions per constructed area compared to the existing studies in the 
literature conducted using the process LCA models. The paper speculates that 
this might be due to more extensive inclusion of indirect GHG emissions from 
the supply chains in the IO LCA-based hybrid LCA model compared to the 
process LCA models. The main results of the first paper are presented in 
Figure 3. 

Figure 3. The main sources of GHG emissions in the case study construction  
project (tCO2e). 

Although the existing literature states that the construction phase accounts for 
only a minor share of GHG emissions during a building’s life cycle, the study 
anticipates that significant construction phase GHG emissions might hinder 
the building sector’s potential for successfully mitigating climate change. 
Additionally, the emergence of low-energy buildings and improvements in 
energy production technology in the future might dramatically increase the 
construction phase’s significance in a building’s life cycle. 

0

2000

4000

6000

8000

10000

12000

EIO LCA GHG's (tons) Hybrid LCA sectors GHG's (tons)
Costs (thousand euro)
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.  Paper 2: A Longitudinal Study on the Carbon Emissions 
of a New Residential Development 

The results of the first paper provided evidence for a significant amount of 
construction phase emissions. Additionally, prior studies have suggested 
changes in construction and use-phases’ relative importance in GHG 
emissions of buildings’ life cycles. Construction and use-phase emissions of 
buildings have seldom been assessed using just one LCA model in previous 
studies, especially in the case of residential areas instead of individual 
buildings. Furthermore, this study employed the GHG assessment model with 
a temporal perspective, which is increasingly becoming an important topic in 
the existing literature but has still rarely been used as part of the current LCAs 
within the context of the life cycles of buildings. 

The case study consisted of a residential area design in the Helsinki 
Metropolitan Area (HMA). The building permit for the area is 70 000 square 
meters and the area will eventually accommodate 1100 residents. Besides 
residential buildings, the area includes some service buildings as well. The 
infrastructure for the area was also included in the assessment.   

The case study included construction and use-phase GHG assessments and 
scenario analysis of different low-carbon strategies for the area. The study 
used the construction phase model from the first paper together with specific 
case area data. Thus, it was assumed that the buildings were of a similar 
building type and construction technology as the buildings discussed in the 
first case study. The use-phase LCA of the residential area consisted of heat 
and electricity consumption and maintaining and operating the buildings in 
the area, which were assessed using the same hybrid LCA carbon consumption 
model as in a study by Heinonen & Junnila (2011), with slight modifications. 
Construction and use-phase GHG emissions for a 25-year period of time were 
then combined. The GHG emissions of the area were studied using various 
scenarios, which included different housing types and different heating 
options. 

The results of the study indicate that construction projects have long carbon 
payback times due to high construction-phase GHG emissions compared to 
the anticipated GHG savings during the use phase as a result of lower energy 
consumption by recent building types. According to the results of the study, 
the construction phase accounts for approximately half of the total housing-
related GHG emissions of the assessed area during a 25-year period. The 
results of the second paper are presented in Figure 4. 
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Figure 4. GHG emissions of various types of buildings during a 25-year time frame. 

The study concluded that more attention should be given to construction-
phase emissions as they seem to dominate the total housing emissions for 
several decades due to their temporal occurrence early on in a building’s life 
cycle compared to use-phase emissions. Additionally, the study concluded that 
none of the three studied carbon management strategies seemed to possess the 
potential for significantly decreasing GHG emissions during the 25-year time 
period. The study suggests that construction-phase emissions should be 
considered carefully when analysing the potential of buildings to mitigate 
climate change. Finally, the paper states that more comprehensive analysis of 
the consequences of a carbon spike is needed. 

.  Paper 3: A Scenario Analysis of the Life Cycle Greenhouse 
Gas Emissions of a New Residential Area 

The second paper discussed in the dissertation established the purpose and 
context for the third paper. The emergence of energy-efficient buildings has 
significantly reduced the use-phase emissions of modern buildings. This has 
been recognised in the industry; likewise, strategies and policies have been 
designed by cities and the government for using the potential of energy-
efficient buildings to successfully meet the EU’s 2020 and 2050 climate 
change mitigation goals. However, construction-phase emissions have re-
ceived less attention because their share of GHG emissions during a building’s 
life cycle is still widely considered to be minor. Yet, earlier studies have 
indicated that the construction phase of a modern passive house might 
account for as much as half of GHG emissions during a building’s total life 
cycle. Underestimating the significance of the construction phase might 
actually hinder the construction and real estate sector’s potential to success-
fully mitigate climate change since reduced GHG emissions during the use 
phase will not be able to compensate for the emissions during the construction 
phase by 2020 and perhaps not even by 2050. The study assessed the carbon 
payback times of new construction and renovation scenarios using a model 
that also included a temporal perspective. The model is further enhanced with 
a prediction of future improvements in energy production technology. 
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The research method used in the study was a hybrid LCA application. The 
basis for the case study was the residential area discussed in the first paper. 
The scenarios concerning other building types were compiled by modifying the 
construction-phase details with Finnish data on high energy efficiency 
building construction from the literature (RIL 2009) and assessed using the 
EIO-LCA model. GHG emissions during the renovation phase were assessed 
using the EIO-LCA model with cost data derived from the literature (The 
Housing Finance and Development Centre of Finland ARA 2011). The use-
phase GHG emissions with respect to energy consumption were measured 
using the existing literature (RIL 2009) as a reference for consumption figures 
and GHG intensities of the local energy generation as environmental impact 
data. GHG emissions as a result of building maintenance were assessed using 
the EIO-LCA model and maintenance costs derived from the existing literature 
(Kiiras et al. 1993). 

The results of the study indicate long, more than 40-year, GHG payback 
times for all new construction scenarios compared to the current building 
stock, which consumes much more energy during the use phase. However, for 
cases in which new construction is the only option, the most energy-efficient 
building types have shorter GHG payback times compared to new construction 
options that are less energy-efficient. Renovating the current building stock so 
that it would consume less energy seems to be a better alternative than 
constructing new buildings with a payback time of 25 years. The main results 
of the third paper are presented in Figure 5, where the base case represents 
a1standard building. LE-50 and PH-15 represent low energy and passive 
houses with respective energy efficiencies (50 kWh/m2/a and 15 kWh/m2/a). 
R-60s represents old buildings that are energy renovated to the LE-50 level. 
Finally, R-80s represents the situation with average 80s buildings where no 
construction activities have been carried out, and the energy consumption is at 
185 kWh/m2/a according to the statistics on the residential buildings of the 
80s. A1more detailed explanation for Figure 5 is presented in the appended 
paper (Paper 3). 
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Figure 5. GHG emissions of different new construction and renovation options 
during a 50-year time frame. 

The study concluded that GHG emissions during the construction phase 
should be reduced significantly to make it possible for residential areas to 
successfully mitigate climate change and contribute in meeting the targets in 
the near future. Additionally, the life cycle of the current building stock should 
be extended via energy renovations.  Passive houses should be prioritised as 
part of new construction alternatives, although they still represent the worse 
option in terms of the GHG payback time compared to energy renovation 
activities. 

.  Paper 4: Combining Life Cycle Costing and Life Cycle 
Assessment for an Analysis of a New Residential District 
Energy System Design 

The final paper included in the dissertation assessed the life cycle viability of 
residential area energy systems through a Finnish case study. Besides 
assessing environmental sustainability using the LCA method, the economic 
viability of the area was also assessed using life cycle costing (LCC) method. 
The paper makes three important contributions to the dissertation. First, the 
potential of reducing use-phase GHG emissions in residential areas with 
modern energy systems was assessed. Second, construction and use-phase 
GHG emissions were assessed using a Finnish IO LCA application, the 
ENVIMAT-based hybrid LCA method, which made it possible to compare the 
results with the EIO-LCA-based hybrid LCA application used in the previous 
papers. Third, the case study area consisted of apartment buildings, which 
might provide some insight into GHG payback times of residential area 
construction with different building types compared to the previous papers. 
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The case study area was located in Tampere, Finland, and it consisted of seven 
apartment buildings with a gross area of approximately 3100 square meters 
each. The total number of apartments was 28 and the area would eventually 
accommodate approximately 550 residents. The energy solutions compared in 
the study were district heat and a ground-source heat pump, both with and 
without building-integrated photovoltaic panels. The research method used for 
the economic assessment was LCC, whereas the LCA method was used for the 
environmental assessment, which included construction and use-phase anal-
yses. GHG emissions during the construction phase were modelled using 
a1hybrid LCA application, which consisted of a hybrid model for electricity and 
heat and the ENVIMAT-based IO model for other construction and infrastruc-
ture-related materials and activities. Use-phase GHG emissions resulting from 
energy consumption were assessed using a hybrid model including the GHG 
intensity for the local electricity and heat production, whereas the ENVIMAT 
IO model was used for measuring indirect emissions. The GHG emissions as 
a1result of maintaining the buildings were measured using the ENVIMAT IO 
model. 

The results of the study provide evidence of the viability of using a ground-
source heat pump from both an economic and an ecological perspective during 
all analysed time horizons: 25, 50 and 100 years. The same result applies to 
photovoltaic panels assessed from an environmental perspective, whereas 
from an economic standpoint they are only viable for the 100-year assessment 
period. The GHG payback times of all systems are just a few years compared to 
the ‘business-as-usual’ district heat option. Overall, the ground-source heat 
pump option resulted in 40–45 percent less GHG emissions during the 100-
year period compared to the district heat options. The results of the fourth 
paper are presented in Figure 6. 
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Figure 6. The cumulative costs and GHG emissions of the case residential area 
with different energy solutions. 

The paper discusses that life cycle viability with respect to the economic and 
environmental perspectives is not yet seen as a decisive factor for professional 
real estate investors and residents. Yet, conditions in the industry are changing 
and life cycle viability will probably be seen as a key performance indicator in 
the future (Lützkendorf & Lorenz 2005). The study found that the economic 
and environmental perspectives support each other when using a life cycle 
evaluation framework and the paper recommends using the LCC and 
LCA methods for decision-making processes regarding urban residential 
development. 
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5 Discussion and conclusions 

The aim of the dissertation was to study the GHG emissions caused by 
residential areas during their life cycles, the dynamics between the life cycle 
phases and the resulting effects on climate change in order to answer the 
following research question: 

‘How does the construction of a residential area 
contribute to climate change?’ 

The dissertation argues that the construction of a new residential area 
contributes to climate change in a broader and more complex manner than 
what is currently believed. The nature of the chosen multimethod research 
approach made it possible to analyse also the issues related to temporal 
perspective within the context of life cycle GHG emissions of residential areas 
and to draw more robust conclusions since similar results were obtained from 
multiple cases. The initial results presented in the dissertation suggested that 
significant GHG emissions i.e. carbon spike occur during the construction 
phase early in the area’s life cycle. The conflict between the major carbon spike 
emitted at the beginning of the life cycle of residential areas, short and 
midterm climate change mitigation goals, and the potential of the construction 
and real estate sector to mitigate climate change informed the research 
problem of the dissertation. Additionally, unsteady parameters concerning the 
future significantly influenced the assessments, which will be discussed later.  

The findings of all the papers indicated that construction projects result in 
high GHG emissions in short time period; they in fact account for a majority of 
a building’s life cycle emissions for several decades. This appears to be 
inconsistent with the current beliefs adopted by public authorities and the 
industry and the resulting carbon mitigation strategies favouring constructing 
new energy-efficient residential areas. The first and fourth papers provided 
evidence of high GHG emissions during the construction phase with the scale 
of residential areas that has rarely been applied in the literature. They found 
that a1building’s construction phase causes the vast majority of emissions, 
although the infrastructure construction still accounts for a noteworthy share 
of emissions. The dissertation provides evidence that the use-phase emissions 
of areas with housing that is highly energy-efficient have significantly 
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decreased due to the smaller requirements for operational energy, especially 
heating. However, construction-phase emissions have not decreased; rather, 
they have increased along with the emergence of modern types of housing. 

 The first paper suggested including a temporal perspective in the 
assessments when studying the subject and the three following papers adopted 
just such a perspective. The time perspective indeed had a significant impact 
on the analyses based on the LCA results presented in the second and third 
paper. The traditional perspective adopted when studying the GHG emissions 
of an area was to sum up the emissions during all phases of the area’s life cycle 
and present them as a single figure and linearly compare the figures in order to 
find the most appropriate scenario. The comparison of GHG emissions during 
the life cycles of various hypothetical residential area scenarios from the third 
paper with various types of buildings are presented in a traditional manner in 
Figure 7.  

Figure 7. Residential area scenarios presented in a traditional manner. 

The traditional manner of observing the life cycle emissions of a residential 
area provides valuable information about absolute life cycle emissions during 
the assumed lifetime of an area. In this kind of analysis, the absolute amounts 
of emissions determine the relative supremacy of the scenarios, whereas the 
temporal occurrence of the emissions is not included in the analysis. However, 
when a time perspective is embedded in the model, highly relevant factors not 
visible in the traditional comparison scenario are introduced. The same 
hypothetical residential area life cycle scenarios are illustrated along a time 
horizon in Figure 8. 
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Figure 8. Residential area scenarios illustrated with the inclusion of a time perspective. 

Although the absolute emissions during the life cycles are roughly the same, 
the mutual supremacy of the scenarios is not as simple as in the traditional 
comparison setting. This is due to two reasons: the concentration of GHGs in 
the atmosphere at certain points in time and the uncertainties related to the 
future. 

GHGs released into the atmosphere increase the GHG concentration at the 
time when the emissions occur and they remain in the atmosphere for a long 
time (IPCC 2014). Reaching the short and midterm climate mitigation goals 
requires making significant reductions in GHG emissions during the next 
decades. The habit of causing major GHG emissions in the short term by 
constructing new residential areas and expecting that high energy efficiency 
will negate the construction phase emissions in the future will just increase the 
GHG concentrations in the atmosphere for decades. This will likely transform 
the residential area’s possibility to make a desired positive contribution to 
mitigating short and midterm climate change into a negative one. 

The other important aspects of the time perspective are the uncertainties 
related to the future. Of these uncertainties, the most concrete with respect to 
this study are the advancements in electricity and heat generation for the 
future, which are likely to decrease the GHG intensity during production. The 
construction of new residential areas may be considered as ‘investments’, 
where reduced use-phase emissions ‘pay back’ the initial GHG investment 
during the construction phase. However, should the use-phase emissions turn 
out to be far less severe than what was initially anticipated, the ‘investment’ 
would prove highly unprofitable. Paper three included an energy scenario in 
the assessment, which attempted to predict the reductions in the GHG 
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intensity in energy production in the future. Including the energy scenario 
significantly reduced the amount of emissions emitted in the future, which is 
usually not taken into consideration in traditional comparative LCAs. Paper 
four provided evidence of significantly varying use-phase emissions based on 
the energy solution for the area. The assessments presented in the fourth 
paper only included currently available technologies, which will likely improve 
in the future along with emergence of even more sustainable solutions.  

To a certain extent, carbon spikes during the construction phase cannot be 
avoided, as the current building stock needs to be renovated in order to 
maintain its technical functionality. Additionally, urbanisation sets demands 
for constructing new areas, while on the other hand, buildings remain 
underutilised in less popular areas. The dissertation provides evidence that in 
the case of a new residential area, the most energy-efficient housing types 
should be preferred because additional construction-phase emissions are 
rapidly paid back due to significantly lower GHG emissions caused by reduced 
energy consumption during the use phase. However, according to the 
scenarios studied in the dissertation the best solution for mitigating climate 
change is to improve the energy efficiency of the current building stock at the 
same time as the renovation activities are being carried out. The result is 
a significantly lower carbon spike during the construction phase and relatively 
low GHG emissions during the use phase due to a high level of energy 
efficiency. The life cycle GHG emissions measured as part of the energy 
renovation scenario are also spread more evenly throughout the time frame 
than in the new construction scenarios, which are heavily dominated by 
construction-phase emissions. Thus, the dissertation recommends favouring 
the energy renovation to mitigate climate change in the near future. Another 
possible way of reducing the carbon spike during the construction phase is to 
use modern low-impact or recycled construction materials since the 
manufacturing of the materials accounts for the majority of the construction-
phase emissions. 

When assessing the conclusions of the dissertation as a part of more general 
academic discussions, many common themes emerge. The conclusions support 
the previous literature, which suggests that the GHG emissions during the 
construction phase might dominate the life cycles of modern low-energy 
building types (Thormark 2002; Blengini & DiCarlo 2010; Gustavsson & 
Joelsson 2010). Dutil et al. (2011) suggest that the uncertainties related to 
distant emissions during the building’s use phase certainly include significant 
uncertainties. With respect to the inevitability of new residential construction, 
the conclusions of the dissertation are in line with the conclusions presented 
by Sartori & Hestnes (2007), who argue that the most energy-efficient building 
types should be preferred. However, favouring energy renovation instead of 
new residential construction projects supports the analysis of Dutil et al. 
(2011) as well, who describe retrofitted building stock as a suitable solution for 
short and midterm climate change mitigation.  

The dissertation found that construction materials account for a significant 
majority of the construction-phase emissions, which is in line with the results 
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presented in previous studies (e.g. Junnila et al. 2006; Blengini & DiCarlo 
2010). The dissertation discusses how to avoid producing GHG-intensive 
construction materials by utilising and developing modern low-impact 
building materials or recycling current materials as a suitable way of reducing 
carbon spikes during the construction phase. Thormark (2002) and Dutil et al. 
(2011) made similar suggestions for reducing GHG emissions during the 
construction phase by using recycled materials. 

.  Validity and reliability of the research 

The main conclusions of the dissertation deal with the cumulative GHG 
emissions that occur during the construction and use phases of residential 
areas as well as how to temporally allocate the emissions. Thus, factors related 
to GHG emissions are the main focus of uncertainty analyses. According to Yin 
(1994), the case study researcher must maximise the quality of four aspects of 
the research: construct validity, internal validity, external validity and 
reliability. The analysis for assessing the quality of the research can be done 
using the framework provided by Yin (1994).  

Construct validity indicates whether the research measures what it is 
supposed to measure. One of the tactics for improving construct validity is to 
establish a chain of evidence from the initial research questions to the 
conclusions of the research. The logical chains of deduction for each 
conclusion in the studies are assessed and described in the respective papers. 
In the dissertation, the chain of evidence in the LCA studies was derived 
directly from the numerical framework. Thus, construct validity poses no 
significant threat to the conclusions presented in the dissertation. 

Another measure of the quality of the research is internal validity, which 
indicates whether the events studied explain the outcome of the study. The 
main conclusion of the dissertation, i.e. that construction activities result in 
long GHG payback times, was established by comparing GHG emissions 
during both the construction and use phases in several residential areas. The 
GHG emissions during the construction and use phases of the studies were 
estimated using LCA applications.  Thus, the main concern with respect to the 
internal validity of the studies had to do with uncertainties in the LCAs used 
for the studies and the representativeness of the initial data for the 
assessments.  The dissertation is based on independent case studies and the 
research data was thus suitable for a multimethod approach. The absence of 
a robust quantitative examination of uncertainty causes some ambivalence 
to the results of the dissertation. This should be taken into consideration 
in future research of the subject. The alternatives for the examination 
are numerical “what if” -scenarios, scenarios of allowed variance ranges 
of variables so that the conclusions still hold or extensive Monte 
Carlo  -simulations that enable statistical uncertainty analyses. However, the 
current approach provides decent ground for the current conclusions of the 
dissertation. 
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All four papers discussed in the dissertation exploit a hybrid LCA model, which 
consists of IO and process LCA shares. Both methods include several uncer-
tainties, which have implications for the results and conclusions presented in 
the dissertation. IO and process LCAs have different weaknesses, which hybrid 
models are supposed to avoid by complementing the one’s weaknesses with 
the other’s strengths, and vice versa. 

Most internal validity -related issues with respect to the hybrid LCA methods 
are related to the homogeneity and proportionality assumptions and sector-
level aggregation of IO LCAs, which were described in the methodology 
chapter. The studies assess quite large residential areas, which are more likely 
to include general products of the construction industry compared to single 
buildings, which would more likely include unusual building components. This 
decreases the potential for biases in the results of the studies. Additionally, the 
main conclusions are not based on the absolute values of the construction or 
use-phase emissions, but on the magnitudes of the two, which reduces the 
possibility of biased conclusions. The fact that IO tables for the ENVIMAT and 
EIO-LCA applications are several years old, and EIO-LCA models a different 
economy, has a potential influence into the validity of the research. Thus, 
temporal and geographical biases are taken into consideration in the studies 
using purchasing power parity (International Comparison Program 2005), 
which improves the internal validity of the research. Another source of 
uncertainty related to using several year old IO tables is that technological 
development has likely changed the production processes since the model was 
developed, which may cause overestimations in the recent assessment results. 
Both IO applications are based on a data from early to mid 2000s and thus fall 
into categories three or four on a five step (one is the best) “Pedigree matrix 
with 5 quality indicators” introduced by Weidema & Wesnaes (1996). The 
matrix provides the aspects of the individual data quality indicators that might 
be used in evaluating the reliability of the LCA results.  

Two versions of hybrid LCA models were employed in the studies to assess 
emissions during the construction phase. The model used in papers one to 
three consisted of the EIO-LCA application, which was enhanced by replacing 
the IO sectors of two of the most significant types of construction materials 
and electricity with local manufacturers’ emission data. In the hybrid LCA 
model used in paper four, the construction project was assessed using the 
ENVIMAT tiered hybrid model, which is based on the Finnish economy, to 
measure the energy used at the construction site and the ENVIMAT IO model 
to assess all construction materials and activities. The construction-phase 
assessments are thus primarily susceptible to errors in the IO LCA model as 
the GHG intensities between the models vary according to the sectors.  

The share of the IO LCA analyses in the models with construction and use 
phase assessments is roughly 15 to 70 percent of the results depending on the 
analysed scenario. The differences in GHG intensities per euro or dollar in the 
most relevant sectors between the models are not very significant. For example 
the most relevant sector in the construction phase assessments, the concrete 
product manufacturing sector, in the EIO-LCA results in approximately 1,9 kg 
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GHG per dollar where the most similar sector in ENVIMAT results in 1,7 kg 
GHG per euro (Carnegie Mellon University 2008; Seppälä et al. 2009). Thus, 
the IO model used in the hybrid model does not significantly affect the results 
of the assessments and the conclusions of the dissertation. However, the 
sectors in the EIO-LCA and ENVIMAT that have greater differences in 
intensities exist and thus the hybrid models used in the dissertation are not 
very suitable for detailed building design comparisons. 

There were some uncertainties related to the initial data. The hybrid models 
used in the studies presented here assess either construction or construction 
and use-phase GHG emissions. Most of the GHG emissions during the use 
phase are caused by energy consumption in the area. Thus, figures on the GHG 
intensity in energy generation were used in the studies. Combined production 
of heat and electricity (CHP) is common in the major cities of Finland, where 
the case study areas are located and the produced heat is consumed locally. 
The production of heat accounts for the majority of use-phase GHG emissions. 
Two common methods remain for assessing the GHG intensity in CHP heat 
production in Finland. However, the choice of method does not significantly 
affect the conclusions of the dissertation. Additionally, some emissions are 
caused by electricity consumption as well. The authors of the studies decided 
to use the production intensity of the CHP production for electricity as well.  
This is due to the logic that the responsibility of all the emissions from CHP 
production can be allocated to those utilizing the heat for which the 
production takes place. Thus, it is reasonable to assess their electricity-related 
emissions as if they were utilizing the CHP electricity from the local power 
plant even though it actually sells the electricity to the grid and then buys from 
the grid according to the demand. However, the GHG intensity of electricity 
production does not have a major influence on the conclusions of the 
dissertation. 

Using the aforementioned method of assessing the GHG emissions of the 
CHP production leads into significantly less GHG emissions per unit of 
produced energy with ground source heat pumps than with district heating. 
However, even the opposite results exist in the literature, where the ground 
source heat pumps are assumedly run with marginal electricity production 
instead of local electricity production (e.g. Rinne & Syri 2013). Another issue 
not included in the analyses is the common practice of scaling ground source 
heat pump solutions for year-round use, where they are complemented with 
direct electricity heating during the peak demand times. In general, the 
complex issues related to GHG intensities of energy production systems 
starting from average-marginal production assumption were left out of the 
scope of the dissertation, which causes some uncertainties in the studies. 
However, these issues were not very relevant in terms of the main conclusions 
of the dissertation. 

One of the major uncertainties in the studies had to do with the anticipated 
GHG intensity in energy production for the future. It is highly improbable that 
energy production technology will remain unchanged during the next decades. 
Thus, a scenario by Finnish Energy Industries was adapted to fit the most 
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sophisticated model of the third paper of the dissertation (Finnish Energy 
Industries 2010), which had a noteworthy impact on the results of the LCA. 
Yet, implementing a less optimistic scenario would have had a modest effect 
into the conclusions of the dissertation. If the future improvements in the 
energy production GHG intensity do not reach the prediction of the scenario in 
the third paper, the carbon payback times of the most energy-efficient area 
types decrease slightly. However, even the exclusion of the energy scenario 
from the assessment model would result in several decade-long carbon 
payback times for all new construction alternatives compared to the current 
building stock. 

GHG emissions during the construction phase were assessed using the 
construction costs and amounts of construction materials as initial data. All of 
the initial data was provided by the developing companies, and thus 
uncertainties related to the quality of the data are difficult to analyse. The 
construction cost categories were also aggregated by the developing companies 
and disaggregating them (e.g. heating, electricity and the fuels from the total 
energy used in construction process as well as transportation of materials) was 
not possible. Some data related to the cost differences between various 
building designs or the costs of renovation activities were drawn from the 
existing Finnish literature (RIL 2009; The Housing Finance and Development 
Centre of Finland ARA 2011). Uncertainties related to initial data are not likely 
to significantly affect the conclusions, as all initial data are moderately recent 
and based on the Finnish construction industry. Maintenance costs of the use-
phase analyses were based on less recent cost data drawn from the existing 
literature (Kiiras et al. 1993); the costs were scaled to fit a contemporary time 
frame using the appropriate index of the construction industry. Thus, these 
costs belong to the more uncertain data. However, the maintenance costs play 
only a1minor role in GHG emissions during the use phase of a building as well 
as in the conclusions of the dissertation. Profit was not taken into 
consideration in the EIO-LCA hybrid model as the assessments were carried 
out using the US economy based model and a Finnish cost data with 
purchasing power parity adjustment. Due to differences in profit structures in 
the sectors of US and Finnish economies, taking profit into consideration 
would not decrease the uncertainties of the results. ENVIMAT model includes 
the profits and matches with the Finnish cost data. The cost data of 
construction projects was based on the developing companies’ costs and thus 
includes no profit except for the subcontractor service costs. In the EIO-LCA 
based hybrid model, single general PPP factor was used for all industry sectors 
included in the model, which does not perfectly describe the purchasing power 
in products of different industries. 

The conclusions of the dissertation are to a certain degree dependent on 
maintaining a certain balance between construction and use-phase emissions. 
However, a significant change in the results for the construction or use-phase 
assessments might reduce the potential impact of the conclusions. One issue 
has to do with whether or not the results from the construction-phase 
assessments are representative of the GHG emissions from construction 
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activities beyond the particular case studies as well.  Some sensitivity analysis 
might be carried out by comparing the results from the LCA applications used 
in the dissertation to the results from the LCA applications used in the existing 
literature. 

When benchmarking the LCA results of the dissertation, they place among 
the highest per built area in the existing literature. Besides the use of a general 
LCA method, the studies also differ in the ways in which they define 
boundaries, the extensiveness of the life cycle inventory, and so forth. Thus, 
the results of the studies are for the most part not suitable for making direct 
comparisons. The construction phase LCAs used in the studies here resulted in 
approximately 1.1 and 1.7 tonnes of GHG emissions per gross square meter of 
built area, depending on the type of case being studied, i.e. detached house or 
high-rise residential area. Fuller and Crawford (2011) studied the life cycle 
GHG emissions of Australian dwellings using the IO LCA application. The 
embodied energies of the dwellings they studied accounted for approximately 
1.0 to 1.2 tonnes of GHG emissions per built area. The most common way of 
conducting a LCA using process analysis is well represented in the literature. 
Several process LCA studies report results of approximately 0.2 to 0.3 tonnes 
of GHG emissions per built area (e.g. Saari 2001; Zabalza Bribián et al. 2009). 
Higher emissions of 0.6 to 1.0 tonnes of GHG emissions per built area exist as 
well in the process LCA literature (Blengini & DiCarlo 2010; Passer et al. 
2012). Should the studies included in the dissertation strongly overestimate 
the construction phase emissions, the significance of the carbon spike would 
be exaggerated and the conclusions of the dissertation would be weakened. 
However, only the smallest amount of GHG emissions per square meter would 
decrease the carbon spike during the construction phase to a level that would 
be negligible for meeting the short-term climate change mitigation goals. The 
presented GHG emissions per built gross square meter are summarised in 
table 1. 

Table 1. Summary of the literature benchmarking 

The characteristics of a chosen LCA application significantly affect the results 
of the LCAs. The main reason for a high level of emissions in the studies 
included in the dissertation supposedly has to do with the characteristics of the 
employed hybrid LCA applications, which consist of a large share of IO LCA, 
while most LCAs are carried out using the process LCA method. Prior studies 
have found that process LCA suffers from truncation error, which excludes 
upstream processes of the manufactured product from the assessment based 

Author GHG (t/grm2) Application
Saari (2001) 0.2 Process LCA
Zabalza Bribián et al. (2009) 0.3 Process LCA
Blengini & DiCarlo (2010) 0.6  0.8 Process LCA
Passer et al. (2012) 0.6  1.0 Process LCA
Fuller & Crawford (2011) 1.0  1.2 IO LCA
Studies of the dissertation 1.1  1.7 Hybrid LCA
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on the subjective boundary definition (Bilec et al. 2006; Hendrickson et al. 
2006). Manufacturing a product consists of an almost indefinite number of 
upstream processes and it would be practically impossible to include all of 
them in a process LCA model. Additionally, the requirement for including 
a1certain level of upstream processes in the assessment in order to achieve the 
appropriate level of detail in the results varies according to the type of product 
or service (Junnila 2006). The share of excluded processes out of the total 
GHG emissions for a manufactured product might be as high as 50 percent 
(Lenzen 2000; Hendrickson et al. 1998). Additionally, Lenzen and Treloar 
(2002) used IO LCA to study the same case that Börjesson and Gustavsson 
(2000) had studied previously using process LCA. Lenzen and Treloar (2002) 
concluded that, due to the truncation error, the process LCA underestimated 
the GHG emissions by a factor of two compared to the IO LCA. 

The use-phase emissions of the residential areas discussed in the studies 
were assessed using either IO LCA or tiered hybrid LCA applications. Energy 
consumption represents the major share of the use-phase emissions. GHG 
emissions from energy consumption were assessed using a tiered hybrid LCA 
model (Suh et al. 2004; Bilec et al. 2006), which consisted of local energy 
production intensity for the combustion process and IO LCA analysis for the 
GHG emissions of indirect processes and supply chains. The effects of the 
emissions resulting from building maintenance on areas were assessed with IO 
LCA. As both the construction and use-phase assessment applications include 
a major IO foundation, there were no severe incompatibility issues between 
the assessments, since truncation error is not a major concern in either 
assessment. 

According to Yin (1994), the external validity of the research indicates the 
degree to which the findings of the study can be generalised. The evaluation of 
the external validity is based on the assumption that internal validity of the 
research is intact and the results of the papers adequately describe the reality. 
One concern is whether the residential areas of the dissertation represent 
general residential areas in Finland appropriately enough so that the 
conclusions of the study are not jeopardised. The two major construction 
companies in Finland developed both the area with detached and semi-
detached housing and the area consisting of high-rise apartment buildings. 
The characteristics of the buildings in both areas are representative of 
contemporary construction practices in Finland, e.g. wood and brick facades 
with a concrete structure for the detached and semi-detached areas and 
a concrete element structure for the high-rise area. According to the previous 
literature, very demanding stabilization or piling activities tend to lead into 
significant increases in construction phase GHG emissions (e.g. Ruuska et al. 
2013).  However, the case areas had different foundation solutions, which both 
represent a typical construction in Finland. Cases that do not represent 
marginal construction solutions are preferable for studying general area level 
life cycle GHG emissions. Finally, the scales of both area types are likely to 
significantly reduce the possibility of finding uncommon construction 
solutions. Thus, the conclusions are moderately solid in the Finnish context. 
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Another aspect of external validity is whether or not the conclusions are repre-
sentative of emissions in an international context. Construction-phase emis-
sions are quite sensitive to the construction components and materials being 
used, which are supposedly quite similar in northern European countries with 
a similar climate and construction practices. On the other hand, use-phase 
emissions are sensitive to the amount of consumed heating energy and the 
heating technologies. The conclusions of the dissertation are less easy to gen-
eralise when these conditions differ from the conditions in Finland. However, 
both the reduced energy consumption in use phase and increased amounts of 
materials in construction phase seem to be a general trend in industrialized 
countries, which in turn supports the idea of finding similar results in wider 
context, as well. 

The reliability of the research indicates whether or not the operations carried 
out as part of the study can be independently repeated with the same results 
(Yin 1994). The case data for the assessments were received directly from the 
developing companies. Thus, no data collection procedures were involved, 
which could jeopardise the reliability of the research. The application of LCA 
as a mathematical assessment model does not allow the researcher to alter the 
functionality of the model. The detailed contents of the IO LCA applications 
used in the papers appear as black boxes for the researcher and their reliability 
is thus difficult to evaluate. However, EIO-LCA in particular and also 
ENVIMAT are established and widely used IO LCA applications in multiple 
research communities, and thus they are unlikely to embody severe defects. 
The structures and details of the hybrid LCA models are extensively described 
in the papers and thus it is very likely that independent research with the same 
data and similar LCA models would lead to very similar conclusions. Similarly 
all the individual papers in the dissertation were evaluated by several 
reviewers of the international high quality academic journals. 
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6 Future research suggestions 

The findings of the dissertation question the common practices of building 
energy efficient residential areas as a means of mitigating climate change. 
Constructing new residential area does not appear to be a suitable way of 
contributing to short and midterm climate change mitigation goals with the 
current dominant construction technology. However, the evidence based on 
the case studies included in the dissertation is not adequate for introducing 
a new theory on the subject.  

More research should be conducted to test and verify the magnitude of the 
carbon spike in Finland and, above all, abroad. As construction and energy use 
of buildings is quite similar in other northern countries, the findings of the 
study might be relevant there as well. However, in order to make sound GHG 
mitigation strategies, the subject should be further studied especially in 
countries whose construction and real estate sectors account for a significant 
share of the sectors’ global GHG emissions, e.g. in China and USA. Especially 
developing countries have serious demand for urban dwellings. Additionally, 
different countries have also varying possibilities to take advantage of existing 
building stock that should be taken into consideration in GHG mitigation 
strategies, as energy renovation is a relevant solution only for dwellings that 
are located functionally. 

Although the dissertation provides some suggestions for reducing the 
construction phase carbon spike, especially short-term climate mitigation 
targets seem to remain beyond the realistic capabilities of cutting the GHG 
emissions. More research and development on low-carbon and low-impact 
construction materials is definitely needed in order to make energy 
renovations and even new constructions more sustainable on short, mid and 
long-term analysis periods. Optimizing construction and use phase emissions 
with dynamic models that are capable of realistically predicting the most 
important varying factors in the future is likely to lead into the best possible 
outcome. Although providing completely precise models for estimating future 
emissions is probably impossible, the stakeholders in the real estate and 
construction sector as well as legislators for the industry still need the best 
possible information for their decision-making.  
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LCA methods are also an important subject for future research. The current 
array of generally applicable LCA applications satisfies the diverse needs of 
researchers as well as industries. However, different applications result in 
highly varied results, even with similar case characteristics. This hinders the 
possibilities of objectively comparing the products, especially for the policy 
and decision makers not familiar with LCA practices. Thorough and 
transparent reporting of subjective choices done as part of the LCA process 
would greatly benefit LCA practitioners as well as policy and decision makers 
in various administrations and industries. Finally, improving the capabilities 
of different LCA applications to describe the actual environmental effects 
through all life cycle phases and supply chains should bridge the gap between 
the results from the different applications. 
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