
MASTER'S THESIS

Assessment of the Life Cycle
Environmental Performance of Buildings

A Case Study

Filipe Manuel  Garcia de Campos Coelho

Master of Science (120 credits)
Civil Engineering

Luleå University of Technology
Department of Civil, Environmental and Natural resources engineering



   

 

 

 

 

 

 
 
 
 
 
 
 
 

AAsssseessssmmeenntt  ooff  tthhee  lliiffee  ccyyccllee  eennvviirroonnmmeennttaall  
ppeerrffoorrmmaannccee  ooff  bbuuiillddiinnggss::  aa  ccaassee  ssttuuddyy  
Dissertation submitted to achieve the degree of Master of Science in Civil Engineering in 
the expertise of Structural Mechanics 
 

Author 

Filipe Manuel Garcia de Campos Coelho 

Advisers 

Professor Luís Simões da Silva 
Professor Milan Veljkovic 
 
 
 
 

 

Coimbra, August, 2010 
 
  



Assessment of the life cycle environmental performance of buildings: a case study   
 

Filipe Manuel Garcia de Campos Coelho ii 

 
 
ACKNOWLEDGEMENTS 
 

First and foremost I would like to offer my sincerest gratitude to both my supervisors, 
Professor Luís Simões da Silva and Professor Milan Veljkovic. The first for opening the door 
for a research work in a field that was far from my interests, giving me the opportunity to 
realize how resourceful it can prove in the future. The second, not only for allowing me to 
adapt to this new reality at my own pace, whilst providing the needed guidance to keep me on 
the right track; but also for promoting my integration and cultural exchange with the Swedish 
culture. 

I would also like to thank Professor Helena Gervásio, whose technical guidance and data 
supply made this thesis possible. 

To ArcelorMittal, for providing the financial support for my exchange to happen and this 
work to be done.  

I am indebted to my many colleagues and friends along my college years for providing a 
stimulating and fun environment in which to grow and learn. Also to my long time friends, I 
give my most honest praise for remaining alongside me for a great duration of the way. 

To my family I cannot extend enough gratitude. They have been there since I remember and 
have always provided a loving and caring environment for me to be raised in. To my 
grandmother Emília, aunt Fátima and godfathers José Francisco and Fernanda, I thank the 
most for never stop encouraging me to achieve my goals. 

Lastly, but undoubtedly most importantly, to my mother and father, Lurdes Campos and 
Manuel Coelho, knowing that dedicating a thesis does not compare to the twenty three years 
of their lives they have dedicated to me, I just hope that through the fulfilment of my dreams I 
can somehow make up for the rest. 

 

  



Assessment of the life cycle environmental performance of buildings: a case study   
 

Filipe Manuel Garcia de Campos Coelho iii 

 
 
ABSTRACT 
 

 
"Until man duplicates a blade of grass, nature can laugh at his so called scientific knowledge.” 

 
 Thomas Edison 

 

The turn of the 21st century brought a suddenly increase in environmental awareness. 
Civilization, for years focused in an anthropogenic point of view, now begins to adapt to its 
surroundings by acknowledging that it cannot prosper without the latter. Throughout all the 
fields of human activity, environmental sustainability – the concept of preserving the aspects 
that surrounds us – is gaining leverage as a factor of decision making processes. Evidently, 
being engineering one of Mankind’s greatest tools and since, by definition, Civil Engineering 
is the one destined to ensure civilization’s adaption to its environment, the merging of the 
concepts appears essential to the promotion of sustainable development. Sustainable design 
emerges as the solution for the above, adding the notion of green and environmentally-sound 
to the already multidisciplinary nature of engineering’s projects. However, for this new 
conceit to prevail, one must provide the tools and the means for it to endure in the short term 
and prosper in the longer one. Environmental sustainability assessment methods are the 
environmental research community devised answer to accomplish such feature.  

In this work, a concept model of a modern building is analysed through the scope of 
prEN15978, a draft version of the upcoming calculation method, elaborated by CEN/TC350, 
for assessing the environmental performance of new and existing buildings. The main 
objectives are to identify the products and processes that, during the entire life cycle of the 
building, most affect its environmental performance and, consequently, presenting solutions 
to optimize the second. Hopefully, in the end, the importance of environmental performance 
assessment, and more generally, that of sustainability applied to a building’s design will be 
fully rooted in the reader’s mind. 

  



Assessment of the life cycle environmental performance of buildings: a case study   
 

Filipe Manuel Garcia de Campos Coelho iv 

 
 
RESUMO 
 

 
"Until man duplicates a blade of grass, nature can laugh at his so called scientific knowledge.” 

 
 Thomas Edison 

 

O início do Século XXI despoletou um súbito aumento da preocupação ambiental. Durante 
anos centrada numa perspectiva antropológica, a Civilização começa agora a adaptar-se ao 
meio envolvente, consciente de que a sua prosperidade depende intrinsecamente deste. Nas 
diversas áreas da actividade humana, a Sustentabilidade Ambiental – a noção da preservação 
do que tudo o que nos rodeia – ganha expressão como um factor preponderante em processos 
de tomada de decisão. Obviamente, sendo a engenharia uma das principais ferramentas da 
Humanidade e, como por definição, a Engenharia Civil é aquela cujo fim passa por garantir a 
adaptação da civilização ao meio ambiente, surge como essencial a fusão destes dois 
conceitos n a promoção de um desenvolvimento sustentável. A solução para o anterior ocorre 
na forma de Construção Sustentável, adicionando os conceitos de ecológico e amigo do 
ambiente à já multidisciplinar valência dos projectos de engenharia. Contudo, para que esta 
noção vingue, devem ser assegurados os instrumentos e meios para que sobreviva no imediato 
e prospere a longo prazo. A resposta da comunidade científica na área ambiental garantir tal 
realização vem através de Métodos para Avaliação do Desempenho Ambiental. 

Neste trabalho é analisado um modelo conceptual de um edifício moderno através do método 
proposto pela prEN15978, uma versão embrionária do iminente método cálculo, em 
elaboração pelo CEN/TC350, para a avaliação do desempenho ambiental de edifícios novos 
ou já existentes. Os seus principais objectivos são identificar os produtos e processos que 
mais afectam o desempenho ambiental do edifício, ao longo do seu ciclo de vida, e, por 
conseguinte, propor soluções para optimizar o mesmo. Espera-se que no término do trabalho, 
o leitor tenha bem presente a importância da avaliação de desempenho ambiental e, num 
contexto mais lato, a importância da aplicação do princípio de sustentabilidade ao projecto de 
edifícios. 
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1 INTRODUCTION 

1.1 SUSTAINABILITY 

Mankind is evolving at an increasing pace. Since the Industrial Revolution, Science, 
Technology and Industry flourished at a fascinating rate, boosting a social and economical 
growth. Fulfilling the needs for such development requires an increasingly amount of natural 
resources, many of which finite, leading to the depletion of the planet’s resources and 
degradation of the natural environment.   

Acknowledging this, Society is now turning its head towards this subject, realizing that 
disregarding the current situation can jeopardize its future wellbeing. Hence, and being 
evolution the ultimate goal of any species, such purpose cannot be denied nor postponed; thus 
the solution is not stopping current growth but changing the way in which it occurs. Within 
this line of thought came the concept of Sustainability. 

Defining Sustainability is not an easy nor consensual task. While for the last 30 years this 
concept has suffered many changes in its content, there is one explanation that surges above 
all else - “sustainable development is development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs”. Enunciated in 1987, 
by the Brundtland Commission, it is criticized for being too vague. A holistic concept that is 
prone to different interpretations. Nonetheless, it presents an understandable and simple 
clarification for a notion that has many philosophical debates. Presently, it is believed that 
sustainable development divides itself in three major parameters: economical growth, social 
development and environmental protection (Adams, 2006); the way in which they relate 
varies greatly along different strains of thought, though it is consensual that they are indeed 
linked. Of the three principal dimensions, the latter, for being directly related with this work, 
is going to be further explained. In figure 1.1 the three pillars of sustainability are presented 
and further described. 
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FIGURE 1.1 – THE THREE SPHERES OF SUSTAINABILITY (VANDERBILT UNIVERSITY) 

1.2 ENVIRONMENTAL SUSTAINABILITY 

Environmental sustainability can be defined as “maintaining the factors and practices that 
contribute to the quality of environment on a long-term basis” (Business Dictionary, 2009). 

The 21st century may be remembered in the future as the age of environmental sustainability. 
A trend that is fully implemented in the world as communities everywhere start to recognize 
the interest in protecting the environment and the danger of not doing so; consumers now look 
for greener products and services trying to keep their share of environmental care. 
Accordingly to a survey made by Boston Consulting Group (BSG), between 2007 and 2008 
the purchase of green products increased despite economic downturn. Moreover, the majority 
of consumers indicates buying greener products as a priority and are willing to spend more in 
a product that they believe to be of better quality; 46% of the respondents think that the 
environmentally-sound behaviour of an individual can help protect the environment. On the 
other hand, results from the same study found that most consumers think that is important for 
companies to have good environmental records.  

The above clearly states the importance of today’s society towards the environment. Not only 
people try to do their part in trying to preserve our ecosystem, they are also addressing 
responsibilities to the Industry sector. In the upper levels the same behaviour is taking place: 
international agreements, such as Kyoto’s Protocol, force governments worldwide to take 
action against preventing environment decay.  Consequently, industry and business sectors 
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are being imposed with regulations and policies that enforce environmental protection 
measures. 

Not only do these agents contribute to a better environment and future, they also extract 
benefits from it. Governments, industries and other businesses, by taking environmental 
sound decisions (energy-efficient systems, cutting energy and water consumptions, producing 
less waste, using more recycled materials, etc.), can also reduce their expenses, allowing more 
margin of revenue and/or more investment in other needing areas. These measures, though 
associated with costly initial investments, when integrated in long-term strategies can 
generate a solid structure with high potential for profits. For society these changes means 
assuring its wellbeing, as well as that of future generations. 

1.3 ENVIRONMENTAL SUSTAINABILITY ON THE CONSTRUCTION INDUSTRY 

Construction Industry is one of the biggest businesses worldwide. A survey conducted in the 
United Kingdom revealed that 10% of the Domestic Gross Product (GDP) is directly related 
to the construction industry (Chartered Institute of Building, 2007). Referring to one of the 
most economically developed and industrialized countries in the world, this statistic goes to 
show the importance of such industry in the current era. Evidently, such activity by its volume 
and, mostly, by its nature is destined to carry high environmental impacts. The same research, 
resulted in the following output regarding environmental impacts of the construction sector: 
45% of all energy is used to power and maintain buildings, 5% of all energy is used to 
construct buildings, 50% of all global resources go into the construction industry, 50% of all 
global warming gas emissions and CFCs are related to buildings, 17,5% of all waste is 
produced by the Construction industry. Other authors suggest that the construction industry 
accounts for 40% of all resource consumption and 40% of all waste production, including 
greenhouse gases emissions (Plessis, 2001). The environmental impacts of this activity when 
compared to its productivity undoubtedly outweigh the latter. This reason is one of the main 
causes as to why the construction industry is among the major targets of environmental 
sustainability policies. Reducing energy, water and material consumptions, producing less 
waste, being more adept of recycling and reusing and severely cutting pollution production 
are the main guidelines integrated into a broader notion of construction – Green Building. 

Green Building, Green Construction or Sustainable Construction (all synonyms of 
Environmental Sustainable Construction) “is the practice of creating structures and using 
processes that are environmentally responsible and resource-efficient throughout a building's 
life-cycle: from sitting to design, construction, operation, maintenance, renovation, and 
deconstruction” (U.S. EPA, 2009). This concept associates the concepts of sustainability, 
environment and construction in one single approach. It is based on the following principles: 
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efficiently using energy, water, and other resources; protecting occupant health and improving 
user experience; reducing waste, pollution and environmental degradation. 

Concerning the main problem pinpointed to Green Building - the cost of it – it shall be 
noticed that the use of environmental-friendly techniques, such as more efficient materials or 
energy producing systems brings an additional up-front cost. However, along the life-cycle of 
the building this cost is often yielded back with additional profit, due to savings in use and 
operation costs. Hence, the thought of the initial investment as a negative factor when opting 
for a “greener“ solution is misleading and its real advantages should be promoted along 
consumers and suppliers. 

1.4 ENVIRONMENTAL PERFORMANCE ASSESSMENT 

As written earlier, sustainability is rapidly becoming a real concern for building’s designers; 
where time, cost and quality were the main goals now appears a new one is demanded both by 
market and shareholders (Graham, 2000). For the industry to cope with such advance it must 
broaden the scope of its projects to include environmental requirements. Multidisciplinary 
design teams are a valued asset in today’s construction industry as they can provide usable 
feedback and assist in the decision making process (Cole et al, 2004). 

The current thought is leaning towards sustainable design. Nonetheless, most projects are only 
based on guidelines to sustainable construction (Graham, 2000); such measures, while being a 
step forward, still represent a very short advance in the field. Consequently, the solution is to 
increase the length of the step and, one of the common answer on how to do so is by being 
able to evaluate sustainability, more specifically, the environmental sustainability of a 
building (Cole, 2000) 

“Environmental performance assessments are procedures that determine to what extent a 
building might influence the environment, so that the building design or operation can be 
altered to reduce harm and improve amenity”, (Trinius, 1998). 

Through this, design teams can test their own solutions and observe if they fit the client’s 
requirements or market policies. Similarly, the market and final consumer are given an 
indicator on how well does a certain building performs in terms of environmental 
sustainability. This paves the way for certification, labelling and benchmarking processes to 
become widely incorporated throughout the sector, supported by a transparent approach 
which can validate what is being advertised based on solid criteria and a rigorous 
methodology (Connely, 2007). 

Achieving the above can be done through different processes. Acknowledging this, more and 
more countries started implementing methods to assess environmental performance, mostly 
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based on existing tools developed by private and academic sectors.  These tools offer a variety 
of opportunities for the area (Cole et al, 2004): development of green building practice; more 
accuracy compared to guidelines, assessment measures which allow design teams to have a 
powerful strategic advisor when it comes to environmental sustainability; detailed 
performance analysis (the existence of a quantified value for the various performance-based 
indicators gives a comprehensive description of the building’s weak spots so that it can be 
fixed). In addition, the results can be saved and benchmarked against similar outputs and thus 
create a database or environmental performance index; Certification, the adoption of these 
methods by local policies allows the labelling of a building’s status as environmentally 
sustainable. As so, consumer and producer can have a mutual scale to base their decisions on. 
On the other hand, in order for these design methods to fulfil their ultimate goal, they must: 
be based on information available during conceptual stage; point out the critical 
environmental issues and provide an insight in possible strategies to address those; compare 
different alternatives schemes, resulting from distinct designs, and measure how they fare in 
the different environmental aspects allowing early and timed decisions to be made both by the 
client and design team; associate with other specialities projects to create a multidisciplinary 
assessment that can cover all the building’s aspects and take them into account in the decision 
making process and, lastly, but more importantly, they shall provide a quantitative 
performance score. 

Furthermore, “since assessment methods are implicitly a synthesis of current environmental 
knowledge related to buildings, they can play a significant role in focussing a broad range of 
research through a common filter” (Cole et al, 1998). Despite the importance credited to the 
mentioned tools, most of the environmental assessment methods are voluntary in their 
application and their acceptance for the market is based on that same principle. Nonetheless, 
building’s owners are increasingly demanding for such type of evaluation to show their 
environmental care; as such, voluntary tools must meet two criteria: being accurate enough 
for use in the environmental research community and flexible till the point where the market 
can use them as effective propaganda. 

Combining these two factors has been the goal for many tools and methods developed along 
the last decade (Cole, 1998). However, this process of development has a divergent nature as 
the rise in the variety of tools widens the core methodology in each one of them. Moreover, 
the ultimate end for the tool tends to shift its methodology towards the most beneficial 
outcome, lessening their objectivity and scientific approach.  

Acknowledging this, the international community on the field has been working towards 
unifying all the methods and tools under a set of rules and criteria that can serve as a starting 
point for every one of them. Regulation and standardization are, therefore, the mechanisms 
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being used to improve environmental performance assessment methods in order for these to 
meet broader international environmental and sustainability targets (Cole, 1999). 

1.5 OBJECTIVE 

In accordance with the ideas presented, the purpose of this text is to assess the environmental 
performance of a residential modular building, through a calculation method being developed 
by the European Committee for Standardization (CEN) – prEN15978: Sustainability of 
construction works - Assessment of environmental performance of buildings - Calculation 
method. The case study will be a modular building, destined for residential use, located in 
Luleå, Sweden. 

The questions to which this thesis offers answers are: what are the main environmental 
impacts of a typical residential building? Which are the main contributors to such impacts 
along the life cycle of the building? How can they be reduced? To what extent can the results 
obtained through the application of this standard be benchmarked? 

To achieve such, the results of this assessment shall allow a clear interpretation of the main 
environmental impacts of the building by phase (life cycle stage) and by product/process. 
Based on the latter different alternatives are created (scenarios) for the building’s underlying 
boundaries in order to improve its environmental performance. A new evaluation is made out 
of this new output of results and compared to the previous one. 

Furthermore, a comparison between the aforementioned assessment and another one being 
made to a similar building idealized in Coimbra, Portugal tests the accuracy and 
comparability of the method, assessing environmental impacts as a function of climate 
conditions. This latter analysis is based on the data and results of Pinheiro (2010). 

Lastly, a brief review of the draft is made, pointing out the main difficulties presented along 
this work and suggesting possible alternatives to contour such obstacles. 

1.6 STRUCTURE 

This text is divided in five main chapters with the inclusion of Appendixes to incorporate 
additional data. 

The current chapter, Chapter 1, is intended to give an overall perspective about environmental 
sustainability, its role in the construction industry and the importance of standardized 
environmental performance assessment as a design tool; the goal of the thesis is also defined. 

Chapter 2 provides a background to the standard being used. It presents a short review on 
related standards and regulations that led to the present calculation method.  
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Chapter 3 focuses on the case study presented accordingly to the methodology given by the 
standard. It aims to provide a description of prEN15978’s framework while particularizing to 
Luleå’s case study, suppressing the need for two different chapters based on theory and 
practice. The overall results are here displayed. In addition, thermal calculations regarding 
energy requirements are described. 

In Chapter 4 the detailed results are analysed and discussed. Answers to the main questions 
began to form as the array of results provided by Chapter 3 is examined. All the findings, 
expected or unexpected, are mentioned and briefly criticized opening the door for conclusions 
to be withdrawn later on. 

Chapter 5 resumes all the thesis work. In here, conclusions are reached about the overall 
performance of the building and specific performance of its contributors. Improvements and 
other influential changes are justified and thoroughly exposed. Additionally there is a brief 
review to the standard regarding its overall application to the case study; some 
recommendations are made to address what were considered the main obstacles in this 
analysis.  
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2 BACKGROUND 

In this chapter it is exposed the historical background that led to the development of 
prEN15978. The major standards that precede this draft are mentioned as are the key events 
associated with these. The purpose of it is giving the reader some knowledge about 
sustainability regulations at an international level to ease his understanding as to the context 
in which this standard was chosen. 

2.1 ISO STANDARDS 

In the early 90s numerous governments, corporations, Non Governmental Organizations and 
investors started to become aware of the usefulness of business sustainability; consequently 
they began devising plans to invest in such asset. 
However, one of the major breakthroughs on this field came at the Rio Summit on the 
Environment (1992); this United Nations’ conference gave the first push for the creation of an 
international standard on sustainable development applied to business. As some national 
standards already existed, the International Organization for Standardization (ISO) put 
together a committee to study how these standards could improve both business and industry. 
The result came in the form of a series of standards destined to provide framework for the 
development of an environmental management system – ISO 14000.  

From this family of standards four shall be pointed out as being directed towards 
environmental sustainability and its assessment: ISO 14031 contains guidelines to 
environmental performance evaluation, ISO 14040 series are related to Life Cycle 
Assessment (LCA, more on this after) and ISO 14064 indicates how to measure, quantify and 
reduce greenhouse gases (GHG) emissions; while these first three give directions on how to 
create Environmental Management Systems (EMS) the last, ISO 14001, serves as the 
framework for all ISO 14000 series by giving specification regarding EMS. 

2.2 LIFE CYCLE ASSESSMENT 

Based on ISO 14040:2006 and 14044:2006 a standardized approach was created – the Life 
Cycle Assessment. 

A Life Cycle Assessment (LCA), also called Life Cycle Analysis or “cradle to grave” 
analysis, is an evaluation of a product performance (environmental, social or economical) 
regarding the entire life span of the product: raw material extraction, manufacturing, transport, 
distribution, use and disposal. This type of assessment is currently considered, within the 
environmental research community, as the only legitimate method to evaluate and compare 
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alternative products and processes. Unsurprisingly, the majority of the tools available on the 
market are LCA-based. 
Figure 2.1 illustrates an example of a life cycle assessment. 

 

FIGURE 2.1 – LIFE CYCLE ASSESSMENT (TOYOTA HOME SEWING) 

The main advantages for this type of analysis are: identification of the critical impacts and 
aspects of a product along its life cycle; strategic planning both for industry and governmental 
and non-governmental organizations; selection of the most influential environmental impacts’ 
indicators; policy making; marketing purposes. 

While being a very thorough and holistic approach to environmental assessment, the main 
critiques to it relate to the social aspect of each environmental performance; for example if we 
have a single dwelling destined for one person only, the environmental impact of its 
inhabitant’s behaviour (water and energy consumption mostly), a social consequent per se, 
cannot be quantified since it would alter the comparison and benchmarking purposes. 

2.3 CEN STANDARDS 

Recently, the European Committee for Normalization created a technical committee, TC350, 
to develop standardization related to the assessment of the sustainability of new and existing 
buildings. The standards shall describe a harmonized methodology for assessment of 
environmental performance and life cycle cost performance, as well as the quantifiable 
performance aspects of health and comfort of buildings. These shall be supported by the 
relevant features presented in the ISO standards to avoid potential barriers. 

The technical body structure developed under this committee is shown in Figure 2.2. 
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FIGURE 2.2 – PREN15978 PRECEDENT STANDARDS (GAMEIRO ET AL, 2010) 

Although prEN 15643 (part 1 and part 2) is the most important precedent standard, there are 
others, related to the same area, which are resumed in Figure 2.3. From those it is referred 
prEN15804 that describes how each product shall be accounted – rules for Product level. 

 

FIGURE 2.3 - STANDARDS SUPPORTING INTEGRATED BUILDING PERFORMANCE WITHIN TC 350 
(PREN15978, 2009) 

2.4 PREN 15978 

The draft standard referred above, “prEN15978 Sustainability of construction works - 
Assessment of environmental performance of buildings - Calculation method”, is based on the 
LCA approach described. Its purpose is providing rules to calculate the environmental 
performance of new and existing buildings. 
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This dissertation will be heavily supported by the recommendations and methodology 
proposed by the standard. This purpose is intentional as it will allow a very detailed analysis 
of the assessment while testing this new tool in a real situation. 

It shall be stated that by the time this work began a draft version of the standard, dated July 
2009, was available. It is known that a new version of the standard was already being 
developed and contained many modifications to the original text. However, the second 
version only appeared in July 2010, making it impossible to incorporate it in this work. 
Hence, all developments and implementations were done according to the previous version. 
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3 CASE STUDY 

3.1 INTRODUCTION 

In this chapter focus is given to the calculation method advised by the standard. A detailed 
description of all the premises that led to the later results is made, allowing future works on 
the subject to be based on this study. The structure of this chapter is very similar to the one of 
the standard itself; this is intentional and its goal is to ease the comprehension of the reader 
and to allow consistency check of the data and considerations used. 

3.2 SHORT DESCRIPTION OF THE CASE STUDY 

The target structure of the environmental performance assessment is a residential modular 
building planned to be erected in the city of Luleå, in the Northeast of Sweden. The project is 
still in its design phase and so many data related to its use and characteristic have to be 
assumed. In this text it is only provided the basic information about the building’s physical 
and technical properties; for the architectural plans, structural project and more detailed data 
on the physical aspects of the building consult Andrade (2010). 

A render of the building is shown in Figure 3.1. 

 

FIGURE 3.1 – RENDER OF THE STUDIED BUILDING (GAVALDA ET AL, 2009) 

3.3 PURPOSE OF THE ASSESSMENT 

The goal of this assessment is to quantify the environmental performance of the referred 
building using the calculation method described in prEN 15978 and it is based on additional 
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data gathered by a preliminary research work (Gavalda et al, 2010). The evaluated 
performance is used for three distinct purposes: analysing the impacts of the buildings per life 
cycle stage and per product/process, comparing the results of the present work with the ones 
obtained for a similar building with different location (and different physical characteristics 
derived from thermal requirements – Pinheiro, 2010) and checking the overall applicability of 
the presented calculation method. 

3.4 SPECIFICATION OF THE OBJECT OF ASSESSMENT 

3.4.1 FUNCTIONAL EQUIVALENT 

The object of assessment is a residential modular building destined to student’s housing. Its 
design was based on a survey made within the local university’s community to check the 
main characteristics that students value in a house. Although its primary use is housing, being 
a modular construction its function can be changed during its life cycle; for simplification it is 
considered that the function remains unaltered during the study period. 

The reference study period is assumed to be the same as of its design life (50 years). The 
assessment accounts for the full life cycle of the building for the same duration. 

It shall be noticed that the current analysis aims only to the main building seen on the 
architectural plans (Andrade, 2010); the auxiliary building was not contemplated. 

The assessment accounts for the total life cycle of the dwelling, as described in the standard: 
Product Stage, Construction Process Stage, Use Stage and End of Life Stage. Figure 3.2 shall 
provide a better understanding of all the stages and sub-stages considered on this work. 

 

FIGURE 3.2 - DISPLAY OF MODULAR INFORMATION FOR THE DIFFERENT LIFE CYCLE STAGES OF 
THE BUILDING (PREN15978, 2009) 
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3.4.2 PHYSICAL CHARACTERISTICS 

The dwelling consists of a 5 story structure. The superstructure is composed of a hot rolled 
steel main frame to which 96 light steel framed modules are coupled creating  a construction 
40 meters wide, 20 meters long and 16 meter high (approximate dimensions due to the 
irregular architecture). The foundations consist of a single reinforced concrete slab, with 
dimensions of 40 meters x 20 meters x 0,50 meters, in which the columns are inserted into. It 
must be said that the foundations design was not contemplated in the consulted work 
(Andrade, 2010). Due to that, the dimensions for it were assumed after discussion with one of 
the advisers (Professor Milan Veljkovic). 

As stated before, the building is destined to be of residential use, particularly for student’s 
housing. As so, each story is comprised of single modules with dimensions of 7 meters per 4 
meters with an effective height of 2,70 meters; these are assumed to contain a bedroom and an 
individual bathroom and are destined to one person each. In each floor there are also two 
kitchens/living rooms consisting of two joined modules each, in a total of four per floor. In 
addition, throughout the building there are also single modules assigned to other ends (sauna, 
gym, laundry room). The total floor area of the building is 3390 square meters.  

Figure 3.3 illustrates the plan for the ground floor.  Again, the architectural and structural 
details can be seen in Andrade (2010). Although the floor plans vary with height, this 
illustration gives an overall perspective to what type of architecture the building possesses and 
can be used as a base model. 

 

FIGURE 3.3 – PLAN OF GROUND FLOOR (ANDRADE, 2010) 
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A full description of the building model is presented in Appendix A. It can be observed that 
technical systems (sanitary, fire-fighting, communication, lighting, etc.) are not accounted for. 
This results of the inexistence of the respective speciality project for the assessed 
construction. 

3.4.3 SYSTEM BOUNDARIES 

The system boundaries establish all the basic elements (unit processes) to be accounted for in 
the inventory for the life cycle analysis of the object of assessment. In the following sub-
chapters it is given a brief qualitative explanation as to the assumptions made. The full extent 
of the calculations, for being too extensive and exceeding the main objective of this text is 
omitted. 

BOUNDARY OF THE PRODUCT STAGE (A1 TO A3) 

For these modules the system boundaries are defined as “cradle to gate”. This last definition 
covers the part of the product’s life cycle from the manufacture (cradle) to its finished state, 
i.e. before being transported to the consumer (gate). The majority of the EPDs provide “cradle 
to gate” assessments. The source of data and other information can be consulted in Appendix 
C. 

A remark shall be made regarding the modules: they are assumed to be finished at gate. 
However, EPDs only give impacts for individual products (i.e. gypsum boards, mineral wool, 
etc.), as so, impacts related to the transportation of products to the module’s assembly site and 
respective assembly of the modules are neglected. This is caused by the lack of data to 
account such repercussions on the environment. 

BOUNDARY OF THE CONSTRUCTION PROCESS STAGE (A4 TO A5) 

BOUNDARY OF THE TRANSPORT TO AND FROM SITE (A4) 

In this case, transportation includes the modules and the construction equipment (roller, 
backhoe loader, crane, and concrete mixer). For the quantification of transport impacts all 
materials are considered to be carried in a truck-trailer. 

The distance of transportation for all materials is assumed as 75 kilometres. This is the real 
distance between the module assembly factory and the site of construction; lacking better data 
and to simplify it is considered that all the construction equipment travels the same distance 
as well. 

The calculations that led to impacts were based on the distance travelled by the truck and the 
load carried. For more information see Table B-10. 
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BOUNDARY OF THE ON-SITE PROCESSES (A5) 

The ground works and landscaping processes are taken into account by the impacts of the 
backhoe loader and roller operations. The foundations are credited by allotting concrete 
spreading impact in this module (through the impacts of the concrete mixer). The 
superstructure (main frame, modules and roof) is supposed to be built using a single crane and 
manpower (the standard states that the latter shall not be included in the calculation method). 

The transportation of materials within the site of construction is neglected; is it speculated that 
all the materials are taken from the respective transporter and immediately fixed in their 
proper places. 

The construction method used allows a very clean and dry site as a consequence of modular 
building concept (Andrade, 2010). As a result the impacts due to construction site waste are 
disregarded. No temporary works are accounted for. For a better understanding of the 
construction process also refer to Andrade (2010). 

BOUNDARIES OF THE USE STAGE (B1 TO B7) 

All impacts for the Use Stage are credited within their own sub-stages. For example if a 
window is replaced, the totality of the life cycle impacts of the new window is allocated to the 
Use Stage - Replacement sub-stage of the building; this principle is valid for sub-stages B1 to 
B7. 

BOUNDARIES OF THE INSTALLED PRODUCTS IN USE (B1) 

This module should account all the impacts that result from the building’s use: deterioration 
caused by natural processes or human activity for example (e.g. release of substances by floor, 
façades, etc.). Given the difficulty of calculating such parameters they are, hereby, excluded 
from this analysis. Thus, the impacts related to this sub-stage are assumed null. 

BOUNDARIES OF MAINTENANCE (B2) 

It is assumed that the building is repainted twice during 50 years (only the exterior). The 
impacts for such operation are considered through the amount of paint (alkyd type) needed for 
repainting the total area of the external facades. 

BOUNDARIES FOR REPAIR (B3) 

It is estimated that 20% of the total amount of gypsum boards (excluding fire retardant ones) 
are repaired during the life cycle. The impacts of such procedure are presumed to be half of 
what they are for new boards. 



Assessment of the life cycle environmental performance of buildings: a case study CASE STUDY 
 

Filipe Manuel Garcia de Campos Coelho 17 

BOUNDARIES FOR REPLACEMENT (B4) 

Replacement operations are expected on three elements: windows, doors and glasses. It is 
admitted that windows are replaced every 25 years; therefore, for the present reference study 
period there is only one replacement to be had. As for doors: 22 wood doors are assumed to 
be replaced during the RSP, 12 room doors and 10 bathroom doors; as for glass doors only 2 
are supposed to be substituted. Glass replacement regarding hall, terrace and balconies’ fences 
is estimated 25% of the total amount. 

All the above values were found in literature as the most common in such situations. The 
replacement units carry the same impacts as the existing ones regarding product, construction 
and end of life stages. 

Replacement was only estimated for non-structural elements as they are the ones that are 
predicted most susceptible to it. Structural elements being usually designed for a service life 
equal or greater than 50 years are not subject to replacement and are dismissed. 

BOUNDARIES FOR REFURBISHMENT (B5) 

During a lifetime of 50 years one can assume that a change in one of the modules function can 
occur, for such, a refurbishment operation must be accounted.  

In this work, the totality of the modules is considered to be renovated once in 50 years. The 
renovation process consists of installing new gypsum boards, doors and a new window in 
each module. The end of life impacts of the old products are also accounted for. These 
measures simulate the change of a module’s function: converting the sauna into a bedroom, or 
the laundry room into a leisure room. 

BOUNDARIES OF THE OPERATIONAL ENERGY USE (B6) 

The system boundary includes the use of energy for all the following sub-stages: 

 B6.1 – Heating 
 B6.2 – Hot Water 
 B6.3 – Ventilation 
 B6.4 – Cooling 
 B6.5 – Lighting 
 B6.6 – Building’s Automation and Control  

 

The type of equipment used, the ratio of energy by source and other relevant information is 
explained in the scenarios development chapter. 
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BOUNDARIES OF THE OPERATIONAL WATER USE (B7) 

The Operational Water Use is considered to be the amount of water required for sanitary 
purposes.  

In relation to the Operational Water Use (B7) and the Operational Energy (B6) notice shall be 
made that both stages consider human-dependent behaviours. In fact, the Hot Water 
consumption and the Operational Water usage are calculated based on the average 
consumption of water per inhabitant per day; similarly, the Lighting (B6.5) depends 
significantly of user’s patterns as does the Heating needs (e.g. gains from human metabolism). 
This is a requisite of the standard that reduces the objectivity of the analysis. Further ahead 
this issue will be discussed in a wider perspective. 

BOUNDARIES OF THE END OF LIFE STAGE (C1 TO C4) 

When a building reaches an irreversible state, in which it cannot fulfil the function for which 
it was built, the end of its useful life is reached. Age, incorrect design, cataclysm are, among 
others factors, causes for such outcome. At that time, the solution is to be disposed of the 
building and the ensuing impacts shall be allotted to the End of Life stage. 

BOUNDARIES FOR THE DECONSTRUCTION (C1) 

Being two very similar procedures, the deconstruction process is deemed to have equal 
boundaries as the construction one. 

BOUNDARIES FOR TRANSPORT (C2) 

All materials are transported from the site to an off-site storage. For simplification purposes, 
and, lacking additional data, it is assumed that the distance between those two locations is 75 
kilometres and that the off-site storage also serves as disposal and recycling/reuse facility (see 
Table B-10). Due to the limitation of the building model created, all the impacts related to this 
sub-stage are allocated to the truck trailer process instead of being to each respective material 

BOUNDARIES FOR REUSE AND RECYCLING (C3) 

This sub-stage includes the sorting of all products for reuse, recycling or energy recovery. The 
impacts should reflect the period since the dismantling/demolishing and till the point where 
the product hits its lowest economical value (see Figure 3.4). For example, the steel destined 
to recycling is valued as scrap before the recycling process, while after it is transformed into 
new steel, and as so has a superior economical value; the consideration should therefore 
account the impacts for dismantle/demolish, collection (on the site) and sorting processes 
(lowest economical value of the product) and allocate all the posterior impacts to the next 
subsequent product system. 
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FIGURE 3.4 - IDENTIFICATION OF TRANSITION POINT BASED ON THE ECONOMIC VALUE (PREN15978, 
2009) 

For products and processes that lacked the amount of material destined to recycling, reuse or 
disposal, those values were assumed based on usual ones. 

BOUNDARIES FOR DISPOSAL (C4) 

Products that are not considered for recycling or reuse are accounted as waste for disposal. 
This boundary includes both hazardous and non-hazardous waste which can be disposed as 
landfill or incinerated (offering the possibility for energy recovery). 

Radioactive waste disposal is not accounted for, as data could not be gathered. The cause 
behind such lack of data is worth of reference. In fact, radioactive waste divides itself in two 
main categories: high-level waste and low-level waste, being the difference the nuclear 
activity of both (higher on high-level type). Consequently, high-level waste is more 
threatening to human health and, until today, cannot be processed (as opposed to low-level 
waste). The current solution is storing it in appropriate facilities while waiting for the 
radioactive processes to slowly decay (during periods of thousands of years); since this is a 
recent issue and the timeline for a environmental study is still in its beginning, no one can 
provide accurate results as to the impacts of radioactive waste. 

3.5 SCENARIO DEVELOPMENT 

As the standard clearly states, there shall be created scenarios to account for the various time 
dependent variables along the object of assessment. These should specify time relative 
characteristics that are assumed, as well as the fundaments to such considerations.  
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The boundaries defined in 3.4 are relative to the Base Scenario (SB). When reference is not 
made these boundaries are assumed to be in place. 

In the following paragraphs all the accounted scenarios are presented as well as respective 
parameters. The Operational Energy Use (Stage B6) and the Pattern of Use are both subject to 
modifications; the underlying reasons, both for the stages chosen and for the characteristics 
altered, shall be explained and justified further ahead. 

3.5.1 ENERGY SOURCES 

Before defining the different scenarios and, since one of the parameters along those will be 
the energy source, a brief definition of those various sources will be presented. The energy 
supplied to the building during its Use Stage is admitted to have five distinct origins. 
 
Combined Heat and Power Plant (CHP): a type of facility that uses energy input to generate 
electricity, using the by-product of it (heat) for domestic heating purposes (see District 
Heating below). In this thesis two inputs are being used: coal and an industrial surplus of 
energy resulting from other heating generating processes. 

Hydroelectric Power Plant (HYDRO): a facility, built inside a dam, which converts the 
gravitational force of water into electricity. It is the most used renewable energy source in the 
world. 

Biogas Plant (BIOGAS): an installation that processes biodegradable waste, through 
anaerobic digestion, to release energy in the form of gases (carbon dioxide and methane). 

Wind Farms (WIND): an aggregation of wind turbines that transform the kinetic energy of the 
wind into electricity. 

Nuclear Power Reactor (NUCLEAR): a type of facility that uses the heat generated by 
controlled nuclear reactions (nuclear fission) to produce steam, which is then utilized to 
generate electricity. 

The two additional systems referred above are now described. 

District Heating (DH): a system that distributes heat generated in a centralized location by 
various residential and industrial consumers. Using a grid of pipes, hot water (as energy) can 
be spread around a large area (district), through a pipe system, using its internal energy to 
supply space heating and domestic hot water (for use). In Luleå, this is the main source for 
both of the latter energy requirements. Its central facility is a CHP plant. However, in Luleå 
the CHP plant is supplied by an industrial surplus original of the local steel mill facility 
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(Swedish Steel AB), thus using the by-product of steel’s production (dissipated heat) to heat 
the water for the District Heating system. For a better perspective see Figure 3.5. 

District Cooling: in Luleå’s case there is also a system that ensures cooling needs by a similar 
pipe system which, in this case, is used to transport cold water from the river and distribute it 
along households and industrial facilities in order to generate cold air (Figure 3.6).  

 

FIGURE 3.5 – DISTRICT HEATING SCHEME (LULEÅ ENERGI AB) 

 

FIGURE 3.6 – DISTRICT COOLING SCHEME (LULEÅ ENERGI AB) 



Assessment of the life cycle environmental performance of buildings: a case study CASE STUDY 
 

Filipe Manuel Garcia de Campos Coelho 22 

In many of the scenarios presented, one or both of these systems is used. For District Heating 
it shall be explained that, since the energy input for the CHP plant comes entirely from the by-
product of another product system (SSAB’s steel mill), the environmental aspects and impacts 
of such input shall be allocated to it. Regarding District Cooling, its main energy input (cold 
from the river’s water) is impact free. Ergo, the only impacts of both systems are resultant of 
the distribution of hot or cold water to households and industries; the simulation of this 
distribution system is made by adding the energy needs of an electric pump (approximately 
110 kWh per year assuming that the flow of water needed to heat and cool the building is 
5000 litres per day). This energy supply is allocated to the same source as District Heating. 

3.5.2 SCENARIOS: ENERGY 

As was previously stated, scenarios were created to analyse different alternatives for two 
features: energy supply and pattern of use. Concerning the first, energy scenarios aim to 
provide a broader array of results that can be analysed and criticized.  

Obviously, given that the EPDs already state the impacts of every source of energy per unit 
(kWh), one could easily select the source with lowest impacts and achieve the best possible 
scenario. Yet, this would be unrealistic and would reach no conclusions. For this reason, all 
the scenarios idealized pretend to simulate real energy supply distributions; their 
characteristics are determined so that the evolution along them is towards impacts reduction. 

Similarly, for the different patterns of use utilized one could adopt for the energy 
requirements which would have greater impacts. Still, the answer that is pretended is not if 
they provoke a rise but the dimension of it. 

BASE SCENARIO (SB) 

The base scenario is already described by the system boundaries. Regardless, a summary of 
its Operational Energy Use’s characteristics will be made (Figure 3.7). 
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FIGURE 3.7 – BASE SCENARIO ENERGY SOURCES 

In this scenario both Heating and Hot Water needs are fulfilled by the District Heating system 
already mentioned. Likewise, Cooling needs are guaranteed by District Cooling. Ventilation, 
Building Automation and Control and Lighting (Building A/C in the scheme) energy needs 
are provided by a mix of four sources: a coal-fuelled Combined Heat and Power Plant 
(COAL), a Hydroelectric Power Plant (Hydroelectric), a Biogas Power Plant (BIOGAS) and a 
Wind Farm (WIND). 

This distribution of energy sources tries to simulate a fossil-dependent energy supply. 
Additionally, it serves as a starting point and reference for the consequent analysis. 

SCENARIO 1 (S1) 

Scenario 1 (Figure 3.8), while having the same distribution regarding energy’s input as Base 
Scenario, brings an additional characteristic – Industrial Surplus – this process uses the energy 
generated in SSAB’s steel mill to heat the water which runs by the District Heating’s pipe 
system. The advantages of this system are discussed afterwards. 
 
Notice that the consideration of 100% of industrial surplus represents the actual situation in 
Luleå, as stated by the main energy carrier (Energie AB). 
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FIGURE 3.8 – SCENARIO 1 ENERGY SOURCES 

 

SCENARIO 2 (S2) 

This scenario (Figure 3.9) adds one new source: nuclear, an option providing 20% of the 
energy for Ventilation, Building Automation and Control and Lighting; striking coal based 
sources out of the energy mix. Consequently, this is the first scenario to include only 
renewable energies as sources, the advantages are highlighted in the next chapter.  

 

FIGURE 3.9 - SCENARIO 2 ENERGY SOURCES 
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3.5.3 SCENARIOS: PATTERN OF USE 

The influence of the inhabitants’ behaviour in the total life cycle impacts of the object of 
assessment was already mentioned. As the standard clearly states, the functional equivalent of 
the building shall be expressed in terms of the occupancy and pattern of use (among others). 

In this section three scenarios are created to replicate possible patterns of use. Giving that the 
standard does not provide models for these patterns, the variable values are assumed.  

The three main variables are: water consumption per inhabitant (WC), energy use for lighting 
per inhabitant (LI) and time each inhabitant spends in the building (TI). Table 3.1 resumes all 
the assumptions made for each parameter. 

TABLE 3.1 – MAIN PARAMETERS FOR PATTERN OF USE SCENARIOS 

Scenario LI (W/ps) TI (h) WC (l) 
NP 0 0 0 
P1 50 12 100 
P2 100 16 150 

Where W/ps denotes Watt per person, h denotes hours and l denotes litres. 

Scenario NP is a theoretical consideration that the building had no human presence; although 
all the systems would work to provide suitable conditions for living (e.g. heating, ventilation, 
building automation and control), no human interaction is considered (variables are null). Its 
purpose is to provide a reference value for impacts. 

Scenario P1 simulates a moderate pattern of use in which each person spends 12 hours inside 
the building per day, consumes 100 litres of water per day (50% is hot water) and demands 50 
watts of power for lighting (one energy-efficient bulb turned on). 

Scenario P2 mirrors a more intense use: each person spends 16 hours inside the building, 
consumes 150 litres of water (50% is hot water) and demands 100 watts of power for lighting. 
This is an alternative very credible type of pattern for Swedish students, particularly, those 
who live in the North due to climate (based on the author’s experience in Luleå). 

Concerning this subject one shall clearly state that non-building related appliances, i.e., all 
those that are not an integral part of the building (e.g. washing machine, cooking appliances, 
refrigerators, electronics for entertainment, etc.) are not considered for energy needs. This is 
defined by the standard. 
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3.6 ENERGY REQUIREMENTS 

In the previous section the energy scenarios were presented. Evidently, energy supply is one 
of the main sources of impacts for the object of assessment; hence, its needs must be 
calculated in order to proceed.  

Once again, it will only be described the guidelines to the calculation process and presented 
the final energy requirements. Reference is made to all the assumptions created. Notice that 
this section is based on a pattern of use equal to that of scenario P1. 

The Swedish regulations (BBR, 2008) limit the maximum energy consumption of the 
building, due to its location (Norbotten, climate zone I), to 95 kWh per square meter. In order 
to verify if the building meets such standards the energy needs were divided into two 
categories.  

The following section details the calculation method for all of the terms that contribute to the 
overall energy consumption. For more information consult Appendix B. All the formulas are 
based on the fundamental laws of building’s physics. 

ENERGY LOSSES 

SPACE HEATING 

Space heating represents the total amount of energy that is needed to keep the heated fraction 
of a building at a desired temperature. Its expression is: 
 

푆푝푎푐푒 퐻푒푎푡푖푛푔 =
푈퐴  

퐷푒푔푟푒푒푠 ℎ표푢푟  

 

Where: 

푈퐴   represents the product between the average heat transfer coefficient of the 
building (regarding the parts which compose the envelope area), Um, in W/K.m2 and the 
envelope area of the building (the area that separates the heated fraction from the atmosphere) 
in m2; 

퐷푒푔푟푒푒푠 ℎ표푢푟 is a value obtained by adding the difference between the inside temperature 
(assumed 20°C) and the outside temperature in each hour, for the whole year (in Luleå the 
average temperature for the year is 2°C). It is expressed in °C.h. The value was retrieved from 
a chart that related the first two variables (Gavalda et al, 2009). 

(3.1) 



Assessment of the life cycle environmental performance of buildings: a case study CASE STUDY 
 

Filipe Manuel Garcia de Campos Coelho 27 

HOT WATER 

The energy needed to provide domestic hot water is given by the following expression: 
 

퐻표푡 푤푎푡푒푟 =  
퐻푊퐶 × 퐼푁퐻퐴퐵퐼푇퐴푁푇푆× ∆푇

휂 ×
365

3600 

Where: 

퐻푊퐶 represents the Hot Water Consumption per inhabitant (l). Assumed 100 litres (scenario 
dependent); 

퐼푁퐻퐴퐵퐼푇퐴푁푇푆 refers to the number of people living in the building (ps.); 

∆푇 is the difference between the water at normal temperature (15°C) and the hot water 
temperature (assumed 60°C) in degrees Celsius; 

휂 represents the efficiency of the hot water equipment (95% for high-end equipments) 

The second part of the expression is a conversion factor to give the results in kWh per year. 

VENTILATION 

The energy needed to recycle the air of the building is given by: 
 

푉푒푛푡푖푙푎푡푖표푛 = 퐴퐶푅 × 푉 × 푐 × 푑 × (1 − 휂) × (휃 − 휃 ) ×
24 × 365

3600  

Where: 

퐴퐶푅 is the air change rate (usually 0,5 h-1) 

푉 is the building’s volume; 

푐  is the specific heat of the air in kJ/kg.K; 

푑  is the density of the air in kg/m3; 

휂 is the efficiency of the heat exchange (assumed 90%); 

휃 ,휃  are the external and internal temperatures, respectively. 

The last term is a conversion factor to give the results in kWh per year. 

(3.2) 

(3.3) 
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COOLING 

Cooling needs were calculated based on the average ratio between cooling and heating needs 
in Luleå’s households. As so, the energy destined to cool the building is 5% of the one needed 
to heat it (Swedish statistical data). 

BUILDING AUTOMATION AND CONTROL AND LIGHTING 

The energy needed to supply the buildings and its components: lights and communication 
systems is assumed to be proportional to the heated floor area by a reason of 15 kWh. 

Regarding the energy for lighting it is assumed that each person keeps one light of 50W 
turned on during its stay inside the building (scenario dependent). 

Both values were used based on the regular amounts for such parameters. The energy for the 
operational use of the lift is accounted for in the product EPD and is, therefore, disregarded in 
these calculations. 

GAINS 

SOLAR GAINS 

The action of the sun on the buildings translates into an increment of the inside temperature. 
However, since the building architecture is very irregular, such calculations would prove very 
complex and with a low degree of accuracy. Hence, it is assumed that the solar gains 
correspond to 1% of the energy losses of the building (excluding building and user 
electricity). This value probably underestimates the actual one. 

HUMAN HEAT PRODUCTION 

Human metabolism also provides a source of heat. An estimate of such gains is given by the 
following expression: 
 

퐻푢푚푎푛 ℎ푒푎푡 = 퐼푁퐻퐴퐵퐼푇퐴푁푇푆 × 퐻푅 × 퐻푂푈푅푆 ×
365

3600 

Where: 

퐼푁퐻퐴퐵퐼푇퐴푁푇푆 is the number of people living in the building; 

퐻푅 is the heat irradiated by the human body (approximately 100 Watts) 

퐻푂푈푅푆 is the number of hours that each person spends in his own house (scenario 
dependent); 

The last term is a conversion factor to give the results in kWh per year. 

(3.3) 
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The difference between the energy losses and the energy gains gives the energy needs for the 
present building. The value calculated is 86,33 kWh/m2 which is under the limits imposed by 
regulation. More information on energy needs can be found in Appendix B. 

TABLE 3.2 – ENERGY REQUIREMENTS 

Type Function kWh/year kWh/year.m2 kWh/year.ps 

LOSSES 

Space heating 170631,21 50,33 3345,71 
Hot water 51276,98 15,13 1005,43 
Ventilation 18816,94 5,55 368,96 

Cooling 8531,56 2,52 167,29 
Parcial 249256,68 73,53 4887,39 

GAINS 
People 22338,00 6,59 438,00 

Sun 2492,57 0,74 48,87 
Parcial 24830,57 7,32 486,87 

USAGE 
Building electricity 39450,00 11,64 512,34 

Parcial 263876,12 77,84 4912,85 
User electricity 22338 8,49 438,00 

TOTAL 286214,12 86,33 5350,85 

 

3.7 BUILDING QUANTIFICATION 

The quantification of all products and materials is now going to be defined. Appendix B gives 
most of the information used to the following calculations. Any lacking data can be found in 
Andrade (2010). 

3.7.1 PRODUCTS 

Based on what was said it becomes possible to determine the net amount of products 
(theoretical value) that has to be spent on the construction of the referred building. However, 
the net amount of products does not correspond to the gross amount (real value). This is a 
consequence of many factors such as: vulnerability of products in transport and handling, 
inadequate dimensions (difference between design dimensions and product ones), need for 
additional work in the construction site, etc. In addition, replacement, refurbishment and 
repair materials and products should be considered as well since a life cycle assessment is the 
goal. 

Therefore, the gross amount of product should account for all of the above. To insert this 
reality in the calculation process and, on account of the assessment being targeted at a project 
in its conceptual stage, an average value of 5% was assumed to represent the amount of 
product losses. Yet, for products that are produced as ready to install units no losses were 
credited (e.g. windows, lift, doors); this is due to the modular type of construction that causes 
less loss of material with a more controlled and mistake-free assembly process. 
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Table B-2 resumes all the amounts determined. 

3.7.2 OPERATIONAL ENERGY AND WATER USE 

Both the Operational Energy Use and the Operational Water Use are quantified. The values 
now presented were already justified in previous chapters. 

TABLE 3.3 – OPERATIONAL ENERGY NEEDS 

Operational Energy Use kWh/year kWh/year.m2 kWh/year.ps Ratio 
Ratio 

(Supply) 
Heating 170631,21 50,33 3345,71 62,83% 

81,71% 
Hot Water 51276,98 15,13 1005,43 18,88% 
Cooling 8531,56 2,52 167,29 3,14% 3,14% 
Ventilation 18816,94 5,55 368,96 6,93% 

29,68% Lighting 22338,00 8,49 438,00 8,22% 
Building Automation and Control 39450,00 11,64 512,34 14,53% 

 

TABLE 3.4 – OPERATIONAL WATER NEEDS 

Operational Water Use m3/year 
Water 1861,50 

 

3.8 SELECTION OF ENVIRONMENTAL DATA 

The data for all products and processes comes from two distinct sources: Environmental 
Products Declarations (EPDs) and software’s databases.  

For every product or process a research was made trying to gather an EPD that would 
represent it well. In various cases this could be done, although often the EPDs correspond to 
specific products which have some minor differences to the real ones. However, since this is 
the recommended data source for environmental impacts by the standard and, at the same 
time, these EPDs provided a more extensive data support (when compared to other sources), 
they were the preferred alternative. 

Where EPDs could not be found, data from software’s databases was retrieved. The two 
software used were SimaPro and GaBi. Regarding these data sources, it must be stated that for 
some products the data was not presented through the traditional indicators (Global Warming 
Potential, Acidification Potential, etc.); instead it was expressed by element or molecule 
(oxygen, benzene, phosphate, etc.). In such situations, in order to obtain usable results, 
conversion factors were used (CML, 2001). 

The relation between the products and the origin of its environmental data is illustrated in 
Appendix C. 
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3.9 CALCULATION METHOD 

3.9.1 ENVIRONMENTAL INDICATORS 

The calculation methodology, as described in the standard, uses various indicators to account 
for all the environmental impacts and aspects of each product and process and, therefore, the 
whole building. The methodology to obtain such values is not provided; they were chosen 
based on the premise that agreed calculation methods exist for each one of them. 

A brief reference to standard’s indicators shall be made. 

ENVIRONMENTAL IMPACTS INDICATORS 
 

 Climate change – Also referred as Global Warming Potential (GWP); its unit is 
kilogram of CO2 eq. (carbon dioxide equivalent). 

 Destruction of the stratospheric ozone layer – Also referred as Ozone Layer 
Depletion Potential (ODP); its unit is kilogram of CFC-11 eq. (trichlorofluoromethane 
equivalent). 

 Acidification of land and water sources – Also known as Acidification Potential 
(AP); its unit is kilogram of SO2 eq. (sulphur dioxide equivalent). 

 Eutrophication – Also named Eutrophication Potential (EP); its unit it kilogram of 
PO4 eq. (phosphate equivalent). 

 Formation of ground level ozone expressed as photochemical oxidants - Also 
referred as Photochemical Ozone Creation Potential (POCP); its unit is kilogram of 
C2H4 eq. (ethylene equivalent). 

ENVIRONMENTAL ASPECTS INDICATORS 

 Use of non-renewable resources other than primary energy (in kg) 
 Use of renewable resources other than primary energy (in kg) 
 Use of recycled/reused resources other than primary energy (in kg) 
 Use of non-renewable primary energy (in MJ) 
 Use of renewable primary energy (in MJ) 
 Use of freshwater resources (in m3) 
 Components for reuse (in kg) 
 Material for recycling (in kg) 
 Material for energy recovery (in kg) 
 Exported energy (in MJ) 
 Non-hazardous waste to disposal (in kg) 
 Hazardous waste to disposal (in kg) 
 Radioactive waste (separated from hazardous waste) (in kg) 
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3.9.2 BASIS OF CALCULATION 

The calculation’s principle is that the quantification for the whole building, per indicator, is 
obtained multiplying the quantities of the products and processes by the respective indicator 
value from the data source (EPD or software database). This is done per stage. 

Taking Climate Change as an example: 

퐺푊푃 = 푎 , × 퐺푊푃 , + 푎 , × 퐺푊푃 , + … + 푎 , × 퐺푊푃 ,  

Where, 

 퐺푊푃   is the global warming potential quantified for the life cycle stage i of the 
building; 

 푎 ,   is the gross amount of product or service n used in the life cycle stage i of the 
building (n = 1,2, 3, …, N )  

 퐺푊푃 ,   is the global warming potential of product or service n used in the life cycle 
stage i of the building (n = 1, 2, 3, …, N)  

The same procedure applies to all the other indicators. The total amount is the sum of all 
stages. Appendix D shows the overall results for Base Scenario, SB, and Pattern of Use P1. 

For the calculation model, an excel sheet is used to automate the method. This allows 
scenarios and changes to be quickly displayed in the form of printable results, making the 
analysis more efficient and deep. 
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4 DISCUSSION 

In this chapter the results from the previous calculation will be discussed. It shall be said that 
the analysis of the results obtained through the methodology proposed by the standard is 
outside the scope of the latter. In fact, the standard itself alludes to this issue and only 
contemplates the verification of the results as a post-calculation activity.  

Despite what was referred above, being the main purpose of this thesis the assessment of the 
environmental performance of the building, it is of upmost interest to achieve findings which 
allow conclusions to be made in relation to the building’s performance and how can it be 
improved. Acknowledging those improvements and criticizing the evolution throughout them 
is, therefore, the main objective of this chapter, while the way to reach it is by using the 
previously created scenarios as comparisons to the Base Scenario. 

Following, an analysis will be made regarding the indicators related to environmental 
impacts. The selection of environmental impacts over environmental aspects is justified by 
two main reasons. First of all, impacts give a clear notion of the harmfulness of the building’s 
life cycle to the environment, i.e., they quantify how much environmental damage is really 
caused during the total life span of it; on the contrary, environmental aspects indicators must 
be further analysed to really evaluate their effect on environment. The second motive is that 
the data regarding these indicators in not complete for all the products or processes. 

Bearing in mind this last matter, the lack of data for certain products and processes renders the 
analysis incorrect when targeted at indicators on which incomplete data sets are found. 
Keeping in mind that seldom will one product or process vastly influence the overall results 
for the building, the build up of successive minor flaws can lead to a very erratic overall 
outcome.  

Due to the extensive nature of the results, in the subsequent analysis only one indicator is 
examined: Climate Change expressed as Global Warming Potential CO2 equivalent 
emissions). The option for this indicator over the remaining is clear: CO2 emissions have, for 
some time now, taken the main role as primary target for eco-friendly measures. Being the 
major responsible for global warming, it is one of the most evaluated parameter when 
environmental assessments of any kind are done. Additionally, the effect of greenhouse gases 
emissions is thoroughly documented and determined, while the consequences resulting from 
other indicators are not so well established. 
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For the remaining of the text, the terms emissions and impacts are used to describe 
environmental impacts due to CO2 equivalent emissions. Similarly CO2 emissions shall be 
understood as CO2 equivalent emissions. 

4.1 SCENARIOS: ENERGY 

4.1.1 BASE SCENARIO 

Firstly, the results for the Base Scenario (SB) are presented. These are the reference values 
used as a starting point. This situation contemplates the system boundaries defined in 3.4.3. 
Notice that for all energy scenarios analysis the respective pattern of use scenario is P1. 

The first graph (Figure 4.1) shows the overall impacts per stage. 

 

FIGURE 4.1 – IMPACTS BY STAGE FOR BASE SCENARIO 

This scenario tries to replicate the distribution of energy supply sources throughout Sweden, 
and, as can be immediately noticed the Operational Energy Use stands out from all the others, 
having an amount superior to the sum of the remaining (90% of overall impacts). 

Figure 4.2 gives detailed information on what the distribution of impacts per product/process.  

Undeniably, Operational Energy is the major source of impacts (for climate change) and far 
outweighs all the other products/processes. Operational Energy accounts for 90% of total 
impacts, being Concrete the second most harmful with less than 2%.  

Based on these last findings it is clear that, in order to reduce Climate Change, Operational 
Energy impacts must be drastically decreased first and foremost. This reason was the basis for 
the creation of energy scenarios.   
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FIGURE 4.2 – IMPACTS BY PRODUCT/PROCESS FOR BASE SCENARIO 

Before proceeding, it is important to introduce a new concept: embodied impacts versus 
operation impacts. Embodied impacts account for all the emissions related to Product, 
Construction, Use (Installed Products, Maintenance, Repair, Replacement and Refurbishment 
only) and End of Life stages; its value remains constant throughout the lifetime of the 
building (since there are no emissions due to decay of materials). Operation impacts account 
for emissions for both Operational Use stages (Energy and Water); they are directly 
proportional to the lifetime of the building. The distribution of impacts between them can 
enhance the analysis and its evolution is commented in the end of the chapter. 

In Figure 4.3 it can be observed that operation impacts make for 90% of total impacts, while 
the remaining 10% are due to embodied emissions. This overwhelming discrepancy further 
highlights what was already stated about the most influential stage. 

Since the Base Scenario is composed of four different types of energy supply sources, it 
should be identified which one (or ones) is provoking the majority of the impacts. Figure 4.4 
resumes that by describing the contribution of each type of energy source to the total impacts 
related to Operational Energy. 
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FIGURE 4.3 – EMBODIED AND OPERATION IMPACTS FOR BASE SCENARIO 
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FIGURE 4.4 – IMPACTS BY ENERGY SOURCE FOR BASE SCENARIO 

It can be seen that, for Base Scenario, the CHP plant (CHP) accounts for nearly 94% of all 
Operational Energy impacts and almost due to heating production. This is largely derived 
from being a coal-fuelled CHP plant, as coal burning processes are one of the main 
responsible for CO2 emissions worldwide. Also it must be stated that heating and hot water 
energy needs represent 71% of the totality of energy needs. Adding those last numbers causes 
the large portion of impacts seen on the graph. 

Identified the problem – the large impacts of the coal-fuelled CHP – it shall now be devised a 
solution to overcome it.  
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4.1.2 SCENARIO 1 

This scenario adds a new system for providing heating and hot water – Industrial Surplus for 
District Heating – this process was already described in 3.5.1. Its main advantage is using the 
heat dissipated at a steel mill facility as supply. Since the heat produced is a by-product of a 
process unrelated to the building, the impacts of such generation shall not be allocated to the 
building’s system, thus, they are unaccounted for. As shown before, CHP production was the 
main contributor to the energy impacts; it should be expected that the addition of the 
mentioned system will greatly improve those results.  

The graphs shown for Base Scenario will now be replicated for Scenario 1 in order to check 
the differences (Figures 4.5 and 4.6). 

In the first graph, it can be observed that the consideration of the industrial surplus for District 
Heating lessened the impacts for the Operational Energy Use in 91%. As a matter of fact this 
is the only difference between SB and S1, this alone proves the environmental advantages of 
such system when compared to more traditional ones. 
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FIGURE 4.5 – IMPACTS BY STAGE FOR SCENARIO 1 
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FIGURE 4.6 - EMBODIED AND OPERATION IMPACTS FOR SCENARIO 1 

In contrast to the Base Scenario, the majority of impacts are now due to embodied CO2 
emissions. Product stage and Use (Building) stage are the primary contributors for this 
outcome. However, in the individual scope, Operational Energy still keeps on emitting 
significantly more CO2 than the remaining products/processes (Figure 4.7). 
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FIGURE 4.7 - IMPACTS BY PRODUCT/PROCESS FOR SCENARIO 1 
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It can be realized that a fraction of the impacts caused by Operational Energy Use has 
decreased 94%, nonetheless, it is still the most harmful one by far. Other products/processes 
impacts become relatively more significant, such as concrete, sandwich panels and windows 
as the products gaining more influence to the overall impacts. 

The outcome of impacts per energy source for the Operational Energy is as follows (Figure 
4.8). 
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FIGURE 4.8 - IMPACTS BY ENERGY SOURCE FOR SCENARIO 1 

Again we can see the influence of the coal-based emissions on Operational Energy impacts. 
The 6% of energy supplied by the CHP is responsible for 63% of the impacts while the biogas 
power plant (BPP) is the second most harmful with nearly 30% of impacts. Since in this 
scenario all of the energy input is allocated to a common end (electricity for Ventilation, 
Lighting and Building Automation and Control) the difference between the amounts of these 
is irrelevant. Hence, the impacts per energy source are only due to the environmental 
efficiency of the processes themselves. 

Therefore, to improve the overall impacts one has to replace the more environmental 
damaging suppliers by greener ones. 

4.1.3 SCENARIO 2 

A plausible way to further enhance the building’s environmental performance is by reducing 
the contribution of the CHP and the BPP. This is the premise that led to Scenario 2 (S2). 

In order to do so, S2 is created as a coal-free scenario based on three types of renewable 
power: wind, nuclear and hydroelectric. This is the situation more identical to Luleå’s and 
shall, therefore, be documented and analysed for later use. 
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Beginning with the overall impacts, they drop 28% and 88% when compared to Scenarios 1 
and Base, respectively. The results are illustrated above in Figure 4.9. 
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FIGURE 4.9 - IMPACTS BY STAGE FOR SCENARIO 2 

In Scenario 2, for the first time the Operational Energy Use Stage does not have the most 
amount of impact, being the spot taken by the Product Stage. 

Naturally, the embodied impacts are now considerable higher than the operational ones 
(Figure 4.10). 
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FIGURE 4.10 - EMBODIED AND OPERATION IMPACTS FOR SCENARIO 2 
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Individually, concrete takes the leading role as having the most impacts for all the products 
and processes (Figure 4.11). In this scenario the distribution of impacts per products/processes 
is more even. This, together with the outcome inferred by previous findings, alludes to a very 
good performance potential for this scenario (S2). As a matter fact, further down this text it is 
examined its overall performance against a similar building with different location. The 
efficiency of this energy supply distribution is there proven. 
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FIGURE 4.11 - IMPACTS BY PRODUCT/PROCESS FOR SCENARIO 2 

Lastly, it is displayed the energy distribution (Figure 4.12). It is rapidly acknowledged that 
one is in the presence of a coal-free energy supply, it is further emphasized that, all the energy 
sources are renewable; this explains the better performance of this scenario, together with the 
use of district heating and cooling systems. As for impacts, the biogas plant, though only 
providing 10% of the energy requirements is the most harmful; wind, nuclear and 
hydroelectric sources have low emissions, with clear advantage for the hydroelectric power 
plant  that, being the major supplier has the lowest impacts of them all. 
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FIGURE 4.12 IMPACTS BY ENERGY SOURCE FOR SCENARIO 2 

4.1.4 OVERALL RESULTS 

Having been detailed the scenarios and they are now compared for their overall performance 
(Figure 4.13). 
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FIGURE 4.13 – OVERALL IMPACTS BY ENERGY SCENARIO 

Clearly, the biggest gain in environmental performance comes when evolving from Base 
Scenario to Scenario 1; the addition of District Heating together with the drastic reduction in 
coal-fuelled supply result in an overall decrease of 4841 tons of CO2 emissions; using a coal-
free, 100% renewable energy supply one can decrease that value in 248 tons and thus achieve 
a total amount of 641 tons of CO2 emissions for the whole life cycle of the building. 

 



Assessment of the life cycle environmental performance of buildings: a case study DISCUSSION 
 

Filipe Manuel Garcia de Campos Coelho 43 

4.2 SCENARIOS: PATTERN OF USE 

In section 4.1 a base scenario was presented and the main sources of impacts were identified, 
different alternatives were analysed with increasingly environmental performance. The 
analysis was made step by step as the evolution was carefully documented and justified. The 
goal was clearly to obtain a significantly better solution to the original one.  

In this section however, a different approach is used. The objective is not to improve the 
overall performance of the building but to take conclusions on how different use patterns can 
affect environmental performance. The energy scenario is based on S1 to represent the 
average environmental performance of this building, regardless of energy supply. 

The premises for the scenarios were already described in section 3.5.3; the reason as to why 
this analysis is made is also exposed there. 

Figure 4.14 shows the difference of climate change impacts by life cycle and for the three 
created scenarios. 

Product Construction Use -
Building Use - Energy Use - Water End of Life Total

NP 4,14E+05 2,32E+04 9,57E+04 2,51E+05 0,00E+00 1,85E+04 8,02E+05

P1 4,14E+05 2,32E+04 9,57E+04 3,37E+05 1,08E+02 1,85E+04 8,89E+05

P2 4,14E+05 2,32E+04 9,57E+04 4,24E+05 2,16E+02 1,85E+04 9,75E+05
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FIGURE 4.14 – IMPACTS BY PATTERN OF USE SCENARIO FOR ENERGY SCENARIO 1 

Obviously, only Operational Use stages suffer modifications between the scenarios, the rest of 
the values remain unaltered. For the total impacts it is possible to see that the disparity 
between a moderate pattern of use (P1) and a more intense one (P2) translates into 86 tons of 
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CO2. While this may seem a small amount, taking a closer look one can notice that it is more 
than twice the impacts due to Construction and End of Life stages. The increase from P1 to P2 
is of 10%. 

Furthermore, since no pattern of use model is defined by the standard one can clearly assume 
many alternatives for it. In the limit, it is possible, although illogical, to disregard all human-
dependent usage and determine the impacts only related to the building itself. The gap 
between this radical option (NP) and the intensive use one (P2) is roughly 20% of the total 
impacts (for P1). 

 Figures 4.15 and 4.16 further detail the problem in terms of Operational Energy and Water 
impacts. 

 

FIGURE 4.15 – IMPACTS FOR OPERATIONAL WATER STAGE 

Scenario NP, by considering no human interaction in the lifetime of the building, has zero 
impacts for Operational Water; this emerges from the fact that only water for sanitary 
purposes is considered to be used in the building (see 3.4.3). For the other two scenarios there 
is an expected increase, being the absolute impacts relatively low when compared to energy 
ones. This is mainly due to the process of supplying drinkable water also having low 
environmental impacts. 
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FIGURE 4.16 – IMPACTS FOR OPERATIONAL ENERGY STAGE 

For Operational Energy the Climate Change impacts assume far greater proportions. The 
disparity between the CO2 emissions for P1 and the other scenarios is around 28%. The 
absolute value increases or decreases by 86 tons (approx.); and accounts for 99% of the 
respective overall fluctuation. 

Reflecting on this last finding, it must be taken in consideration that different buildings will 
have different results based on this same pattern due to different energy sources. In fact, the 
environmental performance of this building was already optimized based on energy supply 
sources and, as such, the effect of these alterations is less noticed. Contrariwise, buildings 
with more high impact energy sources will denote greater contrast (take coal, oil and gas for 
example). Using Base Scenario as an example one can see that the differences between the 
three scenarios for use pattern are expressly higher (Figure 4.17). 

For an energy supply based heavily on fossil fuels (coal in this case) the difference for the 
total impacts goes up to 1160 tons of CO2 from P1 to P2. The array of use patterns created in-
between NP and P2 can diverge up to 2330 tons of carbon dioxide emissions. While this 
scenario does not fit to most developed countries, in emerging ones it can be found. 

Even though the standard tries to dissimulate this problem referring to the functional 
equivalent, being this problem based on so many variables there is no single reference unit 
which can solve the previously exhibited. As so, a different approach should be 
recommended. This discussion is continued in the last chapter 
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Product Construction Use -
Building Use - Energy Use - Water End of Life Total

NP 4,14E+05 2,32E+04 9,57E+04 4,01E+06 0,00E+00 1,85E+04 4,56E+06

P1 4,14E+05 2,32E+04 9,57E+04 5,18E+06 1,08E+02 1,85E+04 5,73E+06

P2 4,14E+05 2,32E+04 9,57E+04 6,34E+06 2,16E+02 1,85E+04 6,89E+06
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FIGURE 4.17 – IMPACTS BY PATTERN OF USE SCENARIO FOR ENERGY BASE SCENARIO 

4.3 COMPARISON TO A SIMILAR CASE STUDY 

As already stated, simultaneously with this assessment, one for a similar building, but located 
in Coimbra, Portugal is being developed. The architectural and structural details of the 
construction are almost identical, only bearing differences due to climate (thickness of 
insulation elements) and mandatory regulations (snow loads, wind actions and different 
imposed loads cause change in the structural design). 

In this sub-chapter it is compared the CO2 emissions for the two buildings by stage. The 
findings shall allow future conclusions to be withdrawn. 

For comparison purposes, the current case study is designated as “Luleå”, while the other one 
as “Coimbra”. For Luleå, the energy scenario is S2 and the pattern of use scenario P1. For 
Coimbra, the energy scenario is as described in Figure 4.18 (courtesy of João Pinheiro). For 
additional details regarding Coimbra’s building model please consult Pinheiro (2010). 

The energy needs for both cases are compared in Table 4.1. While the differences between 
function can be attributed to climate, regulation requirements and author’s assumptions, the 
overall superior energy needs of Luleå is the idea worth keeping (30% higher). 
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TABLE 4.1 – ENERGY NEEDS FOR BOTH CASE STUDIES 

 

 

 

FIGURE 4.18 – ENERGY SOURCE FOR COIMBRA’S CASE STUDY 

Figure 4.19 compares the Climate Change impacts by stage for both case studies. In it one can 
observe that Luleå has noticeably higher impacts for: Product stage, due to the superior 
thickness of insulation elements required by climacteric conditions and Use Stage (different 
refurbishment options). End of Life and Operational Water, though having higher values for 
Luleå do not assume relevance in the overall outcome. 
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Product Construction Use -
Building Use - Energy Use - Water End of Life Total

Lulea 4,14E+05 2,32E+04 9,57E+04 8,98E+04 1,08E+02 1,86E+04 6,41E+05

Coimbra 2,96E+05 2,13E+04 2,02E+04 4,18E+05 0 1,55E+04 7,71E+05
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FIGURE 4.19 – IMPACTS BY CASE STUDY 

However, examining the remaining stage, immediately becomes evident that, despite Luleå 
having a 30% higher energy needs, the impacts in for the Operational Energy Use sub-stage 
are considerably less than Coimbra’s ones. In fact, the disparity in these values is of 79% in 
favour of Luleå. Furthermore, as referred in the last paragraph, it is clear that Luleå always 
accounts for more impacts in each one of those, still, in the total CO2 emissions for the 
complete life cycle of the building Coimbra has the worst score (more impacts). 

Taking a step back and analysing Figure 4.18, the high dependence on fossil fuels of the 
energy supply for Coimbra is the most probable reason for the results above. As a matter of 
fact, 56% of the energy is provided by fossil fuels (gas, oil and coal). Remember that for 
Luleå only renewable energies are used. 

This comparison, while very simple, goes to enforce what was already stated. The energy 
efficiency, in terms of environmental impacts, of the energy supply sources is a very 
influential factor to account when assessing or optimizing the environmental performance of a 
building. 

4.4 SHORT ANALYSIS BY LIFE STAGE 

Although only energy and use pattern scenarios were created, other findings can be obtained 
through a careful analysis of the results already determined. Particularly, this can be done by 
examining the impacts of products/processes throughout the different life cycle stages (Figure 
4.20). 
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Considering scenarios S2 and P1 for energy and pattern of use, respectively, it is clear that the 
portion of impacts that each product/process generates within the distinct life stages varies 
significantly. 

In this section it is studied the contribution of each product/process per life stage and 
discussed the causes underneath it. 
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FIGURE 4.20 – IMPACTS BY STAGE AND PRODUCT/PROCESS 

4.4.1 PRODUCT STAGE 

Starting by Product stage, being the most environment damaging phase (See Figure 4.9), it is 
important to know which products and processes are responsible for such outcome. Observing 
Figure 4.21 it is rapidly acknowledged that Concrete and Sandwich Panel are the main 
polluters, allotting 42% of the impacts of Product stage (22% each). This is justified for being 
two materials that have substantial impacts derived of manufacturing: concrete due to the 
production of cement is associated with high CO2 emissions (Jeffries, 2009); while for 
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sandwich panels the polyurethane-based foam is the main reason behind it (see reference of 
EPD – Appendix C). 
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FIGURE 4.21 – IMPACTS BY PRODUCT/PROCESS FOR PRODUCT STAGE 

4.4.2 CONSTRUCTION PROCESS STAGE 

For the Construction Process stage (Figure 4.22), the Transportation sub-stage (A4) has the 
most impacts, as justified by the major role of Truck Trailer in the graph. Cold formed steel, 
hot rolled steel and steel sheets also have high impacts. This is due to the system boundaries 
of the EPD for these materials already including transport and distribution; the distance of 
this, while not specified, it supposed to be far superior to the 75 kilometres assumed for the 
remaining materials, thus, the impacts arise in proportion to it. 

Additionally, one can observe that construction equipment has a very low output of impacts 
when compared to the Transportation ones. For one reason, the impacts allocated to 
construction equipment are only those related to the working nature of them (type of energy 
supply); the manufacturing of them is not accounted for. Secondly, the Transportation sub-
stage includes all impacts related to carrying all materials (they come per modular unit) and 
construction equipment to the building site; obviously, the total emissions for such procedure 
are highly damaging for the environment. 
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FIGURE 4.22 - IMPACTS BY PRODUCT/PROCESS FOR CONSTRUCTION STAGE 

 

4.4.3 USE STAGE (BUILDING) 

In Figure 4.23 it is illustrated the situation for Use Stage - Building (B1 to B5). There it is 
emphasized how Gypsum Board and Windows generate more impacts. Bear in mind that 
these products are both contemplated in refurbishment and replacement operations; this fact 
causes their gross amount to rise and, consequently, their impacts. Nonetheless, when 
compared to Wood and Glass, also accounted for in Replacement stage, the impacts of the 
latter are far lower proving their better environmental performance. 

Concerning Alkyd Paint, its use in Maintenance stage was justified for being an ecological-
friendly material, still its impacts are noted in the overall outcome.  
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FIGURE 4.23 - IMPACTS BY PRODUCT/PROCESS FOR USE STAGE 

 

4.4.4 END OF LIFE STAGE 

Lastly, taking a look at the End of Life situation (Figure 4.24) it is seen that, similarly to the 
Construction stage, the Truck Trailer process is the most harmful. The reason is also of the 
same nature: the transportation of all waste to disposal, other materials to reuse and recycling 
processes and construction equipment back and forth to the construction site revs up the 
amount of CO2 emissions. In addition one must state that the transportation impacts should be 
allocated to each material specifically, however, such allotment cannot be accurately defined 
and, as such, all the impacts fall back in the Truck Trailer (picturing it as a Transport process).  
This issue is criticized in the final chapter. 

On the materials side, Concrete is again the major polluter accounting for 18% of the total 
impacts for End of Life operations. 

Reference must be made to why Glass and Sandwich Panel have zero impacts (PE film has 
impacts although very small ones). For Glass, since it is assumed that it is 100% recyclable, 
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the impacts of recycling processes should, therefore, be accounted to the next product system; 
sorting and transport 
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FIGURE 4.24 - IMPACTS BY PRODUCT/PROCESS FOR END OF LIFE STAGE 

 

4.5 SUMMARY 

In this chapter it was performed an evaluation of the energy supply sources in order to achieve 
a better overall environmental performance of the building. For that, the different scenarios 
referred in 3.5 were analysed in an evolving order, justifying why each scenario was created 
and what improvements it had over the previous. In the end scenario S2 proved to be the less 
hazardous. 

As for the scenarios used, one could reason that microgeneration was not considered as a 
possible solution. The dismissal of such was not fortuitous; its inexistence is due to two facts. 
First, to account for microgeneration one would have to know the impacts that the respective 
system would have on the environment, as no data related to this was found, it seemed a 
rather difficult accomplishment. Secondly and foremost, since the energy sources can, alone, 
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provide a pure renewable supply and with high environment efficiency, the consideration of 
microgeneration would bring no gains on this department. 

 

 

Regarding pattern of use, the comparison between the created alternatives, for different 
energy scenarios, allowed to display how distinct assumptions can widely influence the output 
of impacts of the building. 

Concerning the comparison to Coimbra’s case study, the analysis of the results allowed to 
further underline the importance of environmental-friendly energy supplies as a performance 
enhancement solution.  

Another topic worth mentioning is the functional equivalent. As the buildings being compared 
are very similar, no reference unit (per square meter, per inhabitant, etc.) was used to 
normalize the results. This can be criticized as inaccurate, however, should one reference unit 
be defined, the choice of which would not suppress the issue as there are many variables in 
play (climate, refurbishment options and energy scenarios). The solution settles for comparing 
absolute values with critic reference to those same premises. 

Finally, a short reference was made to the impacts of products and processes throughout the 
various stages of the life cycle. The number of variables assumed and the complexity inherent 
to having a building as an object of assessment are highlighted and provide foundation to the 
final chapter. 
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5 CONCLUSIONS   

In the last chapter the conclusions, emerged from the work presented before, are discussed. 
Reference is made to the findings gathered from last chapter results. It is argued the 
importance of this work not only for the assessed building but, in a broader perspective, to the 
environmental research community. Also, a critique is made to this study: its main strengths, 
as well as the most glaring weaknesses are both acknowledged. The main difficulties found, 
the problems that this work raised and suggestions for future researches are all pointed out 
based on previous findings; the standard is also criticized as a calculation method for 
sustainability assessment. 

5.1 MAJOR FINDINGS 

The main objectives of this thesis were to identify the main environmental impacts of the 
object of assessment, recognize which products and processes were most responsible for 
them, devising solutions to reduce such impacts and evaluating the output of results bearing a 
benchmarking or comparison end in mind. 

For the first, the standard itself gives the answer by introducing, within its calculation method, 
the most influential environmental impacts and aspects that a building (or similar object of 
assessment) carries. From the variety of indicators which translate the latter, Climate Change, 
expressed as kilograms of carbon dioxide equivalent released  into the atmosphere, was 
chosen for being the most widely known and with more credible background. 

Identifying Operation CO2 emissions as the major origin came as no surprise for a building 
with a high impact energy supply. The conceived strategy to improve overall impacts – 
reducing the CO2 emissions by selecting different energy sources with better results 
performance-wise – proved effective. The two additional scenarios, devised to reduce the 
carbon emissions, significantly improved the environmental performance of the building. This 
approach, targeted to the upstream processes instead of the building itself, displayed that 
environmental impacts, contrariwise to the sustainable indicator of energy use, can be 
decreased by a wider variety of measures and still achieve the same goal. 

Furthermore, the use of renewable sources as energy supply can promote a better 
environmental efficiency of an energy system. Moreover, the implementation of high-
efficiency energy systems can drastically lessen the environmental damage of operational use 
stages. Looking at the most developed countries at the environmental and energetic levels 
(Nordic countries mostly), it appears crystal-clear that systems such as district heating and 
district cooling, widespread among those, provide an edge in this field.  
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Reflecting on this last paragraph, one should state that the idea that high energy consumption 
causes high environmental impacts can be deceiving. Obviously, energy consumption should 
be reduced due not only environmental impacts but also economic and social reasons; 
nonetheless, it must be acknowledged that this is just one possible manner to solve the 
problem. In fact, looking at the situation for this building, one can observe that through 
modifications to the upstream processes of energy supplying, it is possible to notably lessen 
environmental impact although maintaining the amount of needed energy.  

The above was further reaffirmed by the comparison between Luleå and Coimbra’s case 
studies. While Luleå exhibited the most impacts in five of the six stages, the disparity of 
results when it came to Operational Energy impacts in favour of Luleå, allowed it to have the 
best performance for the whole life cycle of the building. 

Still related to this last paragraph, the obvious advantage, according to the given indicators, 
that nuclear power brings to the environment can also be misleading. High-level nuclear 
waste and the potential human and ecological threat posed by a nuclear accident are issues 
that cannot be dismissed when criticizing an environmental assessment. While understanding 
that including these effects in any assessment tool is a rather complex task, not declaring their 
existence endangers the ultimate goal of sustainability. 

As for pattern of use, it was demonstrated that two distinct profiles for human activity towards 
operational use can lead to quite the disparity in results. This issue tends to get more emphasis 
as the operational use associated processes become less efficient. Actually, whereas a high-
efficiency energy supply for this building almost mitigates the fluctuation between the overall 
impacts due to different patterns of use, a less efficient one can cause a discrepancy equal to 
half of the total impacts for the lifetime of the building. For benchmarking and policy making 
ends this comes as a barrier to rigorous evaluations, as assessors can easily manipulate this 
feature in order to get better results. 

Based on the last paragraph, one can see the importance of advertising environmental friendly 
behaviours to the end user of the building. In addition to that, the construction industry should 
promote environmentally sound measures, by using greener products and installing 
environmentally-safe systems. 

In the last section of the previous chapter it was exhibited how the impacts for the different 
products and processes are distributed along the life cycle of the building. Recognizably, 
concrete was one of the main sources of impacts both in product and end of life stages, this 
comes as no surprise due to the production nature of the material. Also, the transportation 
(based on the truck trailer emissions) assumed the leading role in impact generator, 
particularly in the end of life. This result should be taken into account when considering 
different alternatives for the end of life materials. Hence, recycling, reuse or disposal 
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procedures should not be chosen only based on its core processes but also on the upstream 
and downstream ones, such as transport to and from off-site storage, as this regard can allow 
relevant savings in CO2 emissions. Lastly, end of life impacts were criticized as the wide 
array of assumptions and unclear cut-off rules make it difficult to assess the individual 
contribution of each product and process to the overall outcome. 

5.2 IMPLICATIONS 

The implications of this work to the environmental research community can only come as a 
benefit. First and foremost it expands the database of environmental performance assessments 
with an atypical object of construction (light steel framing modular building); secondly, it 
gives an example of how an assessment can be performed with a building being still in its 
concept stage; additionally, it gives a possible approach to a post-assessment analysis, 
covering relevant aspects of the building and offering plausible solutions; lastly, it amasses a 
dataset of environmental impacts for different products that can be used in future works.  

But most importantly, it gives a boost to a concept that is still in its nurturing phase – 
sustainable design – by showing how it can be applied during the design stage and, thus, help 
in the decision making process. 

5.3 LIMITATIONS AND FUTURE WORK 

Predicated on the previous findings, it is clear that many improvements can be made to this 
assessment. The vast amount of assumptions made, the lack of data for certain impacts, a need 
for a better and more complete building model; these are the main weaknesses that the author 
recognizes in his work. And while the first two can be justified by external reasons (the 
incipient phase of the project and the inexistence of an extensive EPD database), the last 
emerges as a result of the lack of ground knowledge in the field that the author possessed 
prior to this work; as the awareness towards it started to grow, the time for incisive 
modifications diminished. 

Nonetheless, it is deemed that the positive outcome from this work outweighs its less-
achieved notes. Firstly, it emerges as a drive-test for a standard that it is still being developed, 
allowing to clearly define its strengths and weaknesses. For the actual building it serves as a 
reference study where future developments can be supported on, while identifying the main 
threats to the project sustainable purposes. 

On a wider take, it points out energy supply as an influential factor to environmental impacts. 
Furthermore, it highlights the importance of efficiency in energy systems as the most valuable 
asset when discussing environmental performance due to operational energy use.  
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Regarding this, and in a more personal note, seeing the increasing care that is put on the 
environment, more specifically on greenhouse gas emissions to the atmosphere, that 
governments and organizations are taking at great expense, one cannot help but wonder if the 
solution used (converting fossil-fuelled energy systems into renewable ones) is the right one. 
The reduction of CO2 emissions gained from fossil to renewable source was already proven, 
but it shall be stated that, currently, many of these renewable sources cannot cope with the 
increase of energy demand. Wind, solar and tidal power, due to the irregular input associated 
to each, cannot assure the same reliability as fossil-fuelled systems. Besides, due to the still 
incipient period in which their technology resides it must not be expected for them to 
immediately rise to the occasion. Hence, a rise in the funds allocated to R&D of the 
renewable energy systems could provide a better outcome in the long run, despite less 
evidence on the short term. 

Regarding limitations inherent to the standard one must focus on two major aspects: 
functional equivalent and end of life.  

For the first it was proven that it does not provide a credible method to assure the objectivity 
of the analysis; different considerations in regard to this can alter the performance score of the 
object being assessed. Certification, policy making, benchmarking and similar ends are put in 
question if a strict criteria is not followed. As so, the calculation method should be revised to 
incorporate a more defined functional equivalent (e.g. for pattern of use, profiles could be 
defined to replicate real human interaction), this way different buildings would be assessed 
based on the same principles. 

End of life, due to its complexity and, mostly, because its assessment will, in the majority of 
situations, be made prior to the life cycle itself, carries many implications difficult to 
overcome. The number of variables that needs to be taken into account is too high; together 
with the fact that being the allocation of impacts, associated with end of life processes, based 
on an economic approach which, for a purely environmental assessment, carries a rather 
complex nature, makes the outcome of results very unreliable. The solution shall therefore, 
for the sake of reliability, tend to a more simplified approach that can be applied to buildings 
as individual product systems. 

Finally, a supplementary note shall be made regarding Environmental Product Declarations as 
the lack of them proved to be one of the most restraining problems. Being the core data for all 
the work developed, these documents assume the major role when evaluating the 
environmental performance of any product. Although software databases already provide 
generic data to most common products, their approach still has an uncertainty margin due to 
its nonexclusive nature. Comparing to the comprehensive and thorough information contained 
in an EPD, they are in clear disadvantage. Clearly, as the issue of sustainability grows, more 
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businesses and organizations will start demanding for environmental performance related 
data, consequently, the size of the existent database will considerably expand, leading to a 
substantial expansion in the number of assessments. This relation between the aforementioned 
factors will give a much needed boost to sustainability assessments as one can expect 
sustainable design to gain a bigger role in the near future. 
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APPENDIX A - BUILDING MODEL 

 
FIGURE A-0.1 
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FIGURE A-0.2 
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FIGURE A-0.3 
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APPENDIX B - ADDITIONAL INFORMATION 

TABLE B-1 
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TABLE B-2 
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APPENDIX C - ENVIRONMENTAL DATA SOURCES 

 

TABLE C-1 
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APPENDIX D - RESULTS OF ASSESSMENT 
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