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 Abstract 
 

 I 

Abstract 

Recent studies indicate that the embodied energy originating from the building 
material supply chain (i.e. off-site production of materials and components and 
associated transportation to the construction site) contributes significantly to 
the total life-cycle energy use. Therefore, considering its impact during the 
building design and pre-construction stage provides an opportunity to affect the 
building energy use and sustainability performance. However, there are two 
major shortcomings with the life cycle assessment (LCA) tools used for 
assessment and reduction of the embodied energy use during the building 
design and pre-construction stage. (1) Many of the LCA tools use databases 
based on industry-average values which hinders the possibility to account for 
the differences in the embodied impact of specific materials sourced from 
individual suppliers. (2) Lack of interoperability between the LCA tools and 
the Building Information Modeling (BIM) software which has become an asset 
for supporting decisions during building design and pre-construction. This 
interoperability issue increases the amount of time and effort required for 
assessment of the embodied energy and also increases the risks for mistakes, 
misunderstandings and errors due to the manual re-entry of BIM data into the 
LCA tools. 

Therefore, the overall purpose of the research is to investigate the possibility to 
mitigate the aforementioned shortcomings by integrating the analyses of the 
embodied energy into a BIM-driven design process. Two research questions 
have been defined: (1) What is a suitable data source for assessment of the 
embodied energy? (2) How can the embodied energy assessment be integrated 
into a BIM-driven design process?  
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To address the first research question in identifying a suitable data source for 
assessing the embodied energy, literature studies were conducted to provide 
insights into the existing Life-Cycle Inventory (LCI) data used for assessment 
of the embodied energy. To address the second research question, several cases 
were studied using a prototyping approach which enabled the identification of 
required processes and functions for supporting assessment of the embodied 
energy in a BIM-driven design process. 

The result of the literature studies and answer to the first research question 
indicate that Environmental Product Declaration (EPD) of materials and 
components can be recognized as a suitable data source for assessment of the 
embodied energy. EPDs provide a detailed LCA data for a specific product 
which is implemented according to Product Category Rules (PCR) and verified 
by an independent third party. PCRs provide pre-established guidelines and 
requirements for the LCA of a certain product category and by this mean 
ensure the principle for comparability of the LCA data. The main outcome of 
the second research question is a framework which highlights the required 
processes for facilitating and supporting assessment of the embodied energy in 
a BIM-driven design process. The framework uses the suppliers’ EPDs to 
support the design decisions and enable assessment of the embodied impact 
caused by the building material supply chain. The framework also ensures 
BIM-LCA interoperability by integrating the Extract, Transform Load (ETL) 
technology with BIM, enabling an automated or semi-automated assessment 
process, to reduce the amount of time, efforts and risks for mistakes that was 
reported to be the major obstacles within the embodied energy assessment. 
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1 INTRODUCTION  

In this chapter the background of the thesis is explained and the purpose, 
research questions as well as the scope of the research are outlined. The 
chapter is followed by, a summary of the author contributions in the appended 
papers.    

1.1 Background  

The building sector is responsible for a significant part of the world’s energy 
use and related global Greenhouse gas (GHG) emissions (United Nations 
Environment Programme, 2008; 2009). The mitigation of energy use has been 
in focus over the last decades, particularly concerning building operation, 
including heating and cooling for maintaining indoor thermal comfort. Unlike 
the operational energy use, limited attention has been given to the reduction of 
the embodied energy use caused by buildings (Li et al. 2014), i.e. the energy 
used during off-site production and transportation of building materials and 
components, erection of the building on-site, and any refurbishment activities 
that may be required as well as the energy use during the end-of-life stage. The 
significance of embodied energy has been emphasized in several studies 
(Thormark, 2002; Lützkendorf et al., 2015) as it may account for up to 60% of 
a building’s total energy use (Sartori and Hestnes, 2007; Gustavsson and 
Joelsson, 2010). In addition, a significant fraction of the energy use has been 
attributed to the embodied energy associated with the building materials supply 
chain including off-site production of materials and components (i.e. “cradle-
to-gate” embodied energy) and the transportation of these materials and 
components to the construction site (i.e. “gate-to-site” embodied energy) 
(Ding, 2008; Dixit et al., 2010; Chau et al., 2015; Liljenström et al., 2015). 
Overall, the aforementioned research indicates that the building materials 
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supply chain contributes significantly to both the embodied energy and the 
total energy use, and considering its impact during the design and pre-
construction stage (i.e. during the design development and procurement 
services before the construction phase is commenced) provides a great 
opportunity for reducing the embodied energy and affecting the sustainability 
performance of the building (Lawson et al., 1995). 

LCA tools are the main methods that are currently used for assessment and 
reduction of the embodied energy associated with the materials supply chain 
during building design and pre-construction. There are however two major 
shortcomings that make LCA tools less applicable for supporting design 
decisions and reducing the embodied energy.    

Firstly, to support environmental decisions many of LCA tools use LCI data –
and databases based on industry-average values and thus cannot account for 
differences caused in the embodied impacts of specific materials and 
components sourced from individual suppliers (Thormark, 2000; Heinonen and 
Junnila, 2011; Chau et al., 2015). Given the fact that the energy supply, the 
mechanisms and manufacturing processes used to produce a specific material 
can vary significantly among manufacturers, the industry-average based data 
and databases may therefore provide less accurate information on the impact of 
material sourced from a specific supplier. Dixit et al. (2010) found that current 
embodied energy databases are of variable quality and inaccurate due to 
inconsistencies in the methodologies used by the manufacturers to determine 
the embodied energy of their materials and products. The Swedish national 
board of housing and planning (2015) also suggests the use of product-specific 
data in place of the industry-average data in LCA of building’s environmental 
impacts. The use of product-specific data provides the possibility to compare 
the impact of the specific products belonging to the same product category.   

Secondly, LCA tools generally lack interoperability with BIM software, which 
has become an applicable and important tool for supporting design decisions 
among Architecture Engineering and Construction (AEC) practitioners during 
design and pre-construction stages of the building process. As a result, 
significant effort and time is required to extract and modify exported data from 
the BIM software to match the input format of these LCA tools (Zabalza 
Bribián et al., 2009; Shrivastava and Chini, 2012). Azhar (2010) asserts that 
BIM-based sustainability analyses achieve ‘some-to-significant’ cost and time 
savings compared to the traditional methods. Therefore, embodied energy 
assessments are often performed when the design and pre-construction services 
have either been accomplished or developed to a relatively detailed level. This 
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interoperability problem also increases the risk of misunderstandings, mistakes 
and errors due to the manual re-entry of project information and BIM data into 
the LCA tools and therefore hinders the possibility to integrate LCA into a 
BIM-driven design process.  

1.2 Purpose and the research scope 

The overall purpose of the research presented in this thesis is to investigate the 
possibility to mitigate the aforementioned shortcomings and provide a new 
technical solution for integrating analyses of the embodied energy into a BIM-
driven design process to facilitate supporting the environmental decisions for 
designers and contractors (depending on which project delivery system is 
applied) during the building design and pre-construction phase. The scope of 
this thesis is focused on the assessment of the embodied energy arising from 
the building materials supply chain which is caused by the off-site production 
of building materials and components as well as the transportation of these 
materials and components to the construction site. No attention is therefore 
given to the embodied energy caused by the on-site construction processes, the 
embodied energy savings due to the reusing and recycling of the building 
materials or the embodied energy associated with the end-of-life stage. The 
operational energy use has generally not been included in this research; 
however, in one of the appended studies (paper III); it has been evaluated to 
demonstrate the significance of the embodied energy associated with the 
building materials supply chain. To address the purpose of the research, two 
research questions have been defined. 

1.3 Research questions  

Research question I 

What is a suitable data source for assessment of the embodied energy? 

The first question aims to provide insights into the current LCI data used for 
assessment of the embodied energy as well as the potential for utilizing the 
product-specific data for this assessment. This question also explores the 
requirements and regulations under which these data are obtained in order to 
determine a suitable data source for embodied energy assessment.   

Research question II 
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How can the embodied energy assessment be integrated into a BIM-driven 
design process?  

The purpose of the second question is to investigate and highlight the required 
processes for developing a BIM-based automated or semi-automated process 
for straightforwardly assessing the embodied energy (based on the suitable data 
source determined from research question I) during the building design and 
pre-construction process. 

1.4 Appended papers and authors’ contributions 

Paper I: Shadram, F., Sandberg, M., Schade, J., & Olofsson, T. (2014). BIM-
based environmental assessment in the building design process. International 
Conference on Construction Applications of Virtual Reality (ConVR) in 
Construction and Islamic Architecture, Sharjah, United Arab Emirates. 

As the main author I was responsible to coordinate and compile the paper. The 
proposed model and the case were primarily formed and conducted by me. 
Sandberg, Schade and Olofsson provided inputs by supervising and reviewing 
the work throughout the study.  

Paper II: Krantz, J., Lu, W., Shadram, F., Larsson, J., & Olofsson, T. (2015). A 
Model for Assessing Embodied Energy and GHG Emissions in Infrastructure 
Projects. Proceedings of the international conference on construction and real 
estate management (ICCREM): August 11-12, 2015 Luleå, Sweden. 1070-
1077. Reston, Va: American Society of Civil Engineers.  

Krantz was the main author who formed, coordinated and compiled the final 
version. As the third author, I have contributed to develop the model, mainly 
the part related to the “cradle-to-site” embodied energy assessment. The rest 
part of the developed model was carried out by Krantz. The case was provided 
by Larsson and conducted by Krantz. Lu, Larsson and Olofsson contributed by 
reviewing and commenting on the paper.   

Paper III: Shadram, F., Johansson, T., Lu, W., Schade, J., & Olofsson, T. 
(2016). An integrated BIM-based framework for minimizing embodied energy 
during building design. Energy and Buildings, 128, 592–604.  
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As the main author, I wrote and compiled most of the paper. Johansson wrote 
subsection 1.3 (i.e. extract, transform and load (ETL) technology). The 
“proposed framework” and “developed prototype” were primarily formed and 
written by myself. Johansson contributed to the integration of ETL technology 
and BIM within the development of the “developed prototype”. The case was 
implemented by me. Lu, Schade and Olofsson provided inputs by supervising 
and reviewing the work throughout the study. 
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2 METHOD 

This chapter illustrates the research design, which can be seen as a guideline 
for the research. Chosen research methods used to answer the research 
questions are also described and discussed herein.    

2.1 Research design 

A research design is the strategy used to seek answers to the research questions 
which also enables to link the research questions together with the purpose of 
the research project (Robson and McCartan, 2016). The outcome of the study is 
affected by the selected strategy with which the research is undertaken. It is 
therefore important to select a suitable strategy to ensure that the research 
questions can be addressed and the findings can be validated (Fellows and Liu, 
2015). This research started with a literature study of the existing LCI data and 
the requirements and regulations under which these data are obtained to 
identify a suitable data source for assessment of the embodied energy. The 
suitable data source identified from the literature study was then adopted in 
paper I, II and III to investigate the possibility to incorporate the embodied 
energy assessment into a BIM-driven design process. In paper I, the research 
scope focused on the “cradle-to-gate” embodied energy and the potential for 
integration of the embodied energy assessment with BIM was investigated. The 
result of this paper indicated that a classification system is required to facilitate 
the information exchange. Paper II investigated the required data for assessing 
the embodied energy and also the use of a database as a mean to facilitate the 
information exchange for this assessment. Paper I and II provided insights into 
the data, processes and practices required for both assessing the embodied 
energy and also integrating this assessment with BIM. The results of these 
papers were then consolidated to extend the research to paper III, where a 
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framework that enables supporting assessment of the “cradle-to-site” embodied 
energy through an automated or semi-automated process incorporated into a 
BIM-driven design process, was developed. Figure 2.1 shows a schematic 
figure of the research process.  

 

Figure 2.1: An overview of the research process 

2.2 Chosen research methods 

The choice of research methods is dependent on the objective of the research 
and the outlined research questions (Yin, 2009). The first research question is a 
“what” question with an exploratory nature which focus on exploring existing 
LCI data to identify a suitable data source  for assessment of the embodied 
energy. According to Yin (2009) and Pojasek (2005), six research methods can 
be used to address “what” research questions with an exploratory nature; (1) 
experiment, (2) survey, (3) archival analysis, (4) history, (5) case study, (6) 
literature review. As shown in figure 2.1, the chosen research method was a 
literature review of publications as the main objective of this question was to 
review the existing LCI data and explore the variability and consistency of 
these data in terms of the requirements and regulations under which these data 
are obtained. The second research question is, likewise, of an exploratory 
nature regarding “how” to provide a new approach (or technical solution) for 
integrating the embodied energy assessment into a BIM-driven design process. 
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Dameshek (2008) suggests a prototyping approach, based on cases, as a 
practical method when the research features providing technical solutions and 
developing computer-based tools (or software). The prototyping approach is a 
system development method (SDM) in which a prototype (or an early 
approximation of the final product or system) is built, tested, and reworked 
until an acceptable prototype is eventually achieved that will be later served for 
development of the complete system or product (Encyclopedia Of Information 
Technology, 2007). The chosen research method to address the second research 
question is thus a prototyping approach by use of cases. Use of cases enables to 
study and explore the required processes, information and constraints for 
creating and developing the prototype and also allows for revising and 
enhancing the prototype through iteration to identify the unexplored and 
undocumented processes and information. Finally, the prototype can be 
generalized and developed as a framework and/or model which defines the 
required processes, activities and information involved in the development of 
such a prototype.  Beside the prototyping part, a literature study has also been 
done to identify the research gap and to review the conducted studies in the 
context of BIM-LCA interoperability (see figure 2.1). In table 2.1 a summary 
of the research questions and chosen research methods as well as applied cases 
and main outputs of the study are presented. 
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Table 2.1:  Summary of the research questions, chosen research methods as 
well as the applied cases and the main output of the study. 

Research question Chosen 
methods 

Applied cases Main output 

RQ 1 

What is a suitable data 
source for assessment of 
the embodied energy? 

 

 

Literature 
study 

 

N/A 

 

The outcome was 
used as the main data 
source for the 
embodied energy 
assessment in paper I, 
II and III 

RQ 2 

How can the embodied 
energy assessment be 
integrated into a BIM-
driven design process? 

 

 

Literature 
study 

Prototyping 
approach 

 

 

 

 

Case I- roof 
structure of a 
commercial 
building 

 

Paper I 

 

Case II- a semi  
prefabricated 
bridge 

 

Paper II 

 

Case III- the 
design of the 
external wall of a 
recently built 
low-energy house 

 

Paper III 

 

2.2.1  Literature review 

Literature studies were conducted throughout the research to obtain knowledge 
about the life cycle energy of buildings, embodied energy, LCA tools, LCI data 
and databases, BIM and also to review the studies conducted in the context of 
BIM-LCA interoperability. Reviewed research was in the form of journal- and 
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conference articles as well as published reports. Google scholar, Web of 
Science and Google were used as the main search engines for scholarly 
literature. 

2.2.2 Applied cases and empirical data collection 

Case I 

In paper I, a roof structure of a commercial building was used as case I. The 
building is located in Södertälje, south of Stockholm. The roof of the building 
was constructed by off-site prefabricated roof elements which were transported 
and mounted together at the construction site. The total surface of the roof is 
1225 m2, built by 42 off-site prefabricated roof elements. The data, in the form 
of archival documents, were gathered in collaboration with two companies; the 
first company manufactures I-joist beams comprising of flanges made from 
solid wood and a web made from Oriented Strand Board (OSB). The other 
company utilizes the I-joists as bearing structure in the construction of the roof 
elements and was also in charge for the establishment of the commercial 
building’s roof at the construction site. The archival documents are 
architectural drawings of the commercial building, structural drawings of the 
roof elements and an EPD of the I-joist beam that was manufactured by the 
first company.  

Case II 

In paper II, a semi-prefabricated bridge was employed as the second case, case 
II. The bridge is 18 m in length and 8 m in width. The bridge was constructed 
by 9 prefabricated beams in which 2 beams were used as the edge beams and 7 
as the beams located between these 2 edge beams. Later, prefabricated plates 
were mounted to cover the gaps between the beams, and the joints were filled 
to create a formwork for the cover. Finally, the cover was constructed by 
assembling the reinforcement and pouring concrete into the formwork. The 
data from prior research (Larsson et al., 2015) was utilized in this study. This 
data was mainly gathered by Larsson through semi-structured interviews with 
the project management, site observations for a period of two weeks and 
having access to the construction company’s archival documents, i.e. the 
structural drawings, construction planning and schedule as well as the detailed 
productivity data for different activities involved in the construction of the 
bridge. 

Case III  
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In paper III, the design of an external wall of a semi-detached dwelling was 
utilized as case III. The dwelling was a recently built low-energy house 
consisting of two duplex apartments with a habitable surface area of 140 m2 
each, located in Kiruna municipality in northern Sweden. The main active 
energy system in each apartment is an air handling unit that is equipped with an 
air to air heat exchanger with 89% efficiency and a heating coil connected to 
the district heating grids. In addition to the air handling units, photovoltaic cells 
are located on the façades facing south and east to directly convert sunlight into 
electricity. In this study, while, the wall’s thickness was held constant, a range 
of hypothetical scenarios based on the use of alternative insulation materials 
from different suppliers were evaluated. The data, in the form of archival 
documents, were gathered through collaboration with the construction 
company. These documents are architectural drawings, energy performance 
simulation model of the dwelling in IDA ICE (a dynamic multi-zone energy 
simulation software) and technical reports. In this study, the proposed 
framework and developed prototype were utilized for evaluating the embodied 
energy of the case. The operational energy use was investigated by simulating 
the energy performance of the dwelling in IDA ICE and applying conversion 
factors to convert the estimated delivered energy (output of IDA ICE) into 
operational energy (non-renewable primary energy sources) and associated 
CO2 emissions. These conversion factors were estimated from data (Excel 
documents), given by Tekniska Verken in Kiruna AB (the company in charge 
of Kiruna’s district heating plants), about the proportion of the supplied energy 
sources for production of district heating.  
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3 FRAME OF REFERENCES 

This chapter outlines the frame of reference that the research is based on and 
highlights the outcome of the literature studies related to the research 
questions. The chapter is divided into three parts (embodied energy, life cycle 
inventory data and building information modeling and its integration with life 
cycle assessment).       

3.1 Embodied energy 

From an energy perspective, a building’s life-cycle can be divided into two 
parts: embodied energy and operational energy (Dixit et al., 2010). The 
operational energy is attributed to the energy used for heating, cooling, lighting 
and operation of the appliances during the occupied period of the building 
while the embodied energy includes the energy use caused by the off-site 
production of building materials and components, transportation of these 
materials and components to the construction site, on-site construction 
processes and the energy use arising from refurbishment and maintenance 
activities during the building operation as well as the energy use associated 
with the end-of-life stage (i.e. demolition, transportation and the end treatment 
of materials), see figure 3.1. 
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Figure 3.1: An overview of the building life-cycle energy use, adapted after 
(Dixit et al. 2010; Shadram et al., 2016) 

The operational phase has been considered to have the major share of the 
building life-cycle energy use as its lifespan is much longer compared to the 
other phases of the building life-cycle. Therefore, most efforts have been 
devoted to reducing the building’s operational energy use over the last decades 
while little attention has been paid to reducing the use of embodied energy. 
However, current studies emphasize the significance of the embodied energy 
(Thormark, 2002; Lützkendorf et al., 2015) as it may account for up to 60% of 
the total building energy use (Sartori and Hestnes, 2007; Gustavsson and 
Joelsson, 2010). A recent review of 90 Life-cycle energy assessment (LCEA) 
case studies of conventional, passive, low energy and near zero energy 
residential buildings (nZEB) by Chastas et al. (2016) indicates that the share of 
embodied energy dominates, mainly in nZEB and low energy buildings, with a 
share of up to 74%-100% and 26%-57% respectively. Whereas the European 
Energy Performance of Buildings Directive (EPBD) (EU Parliament, 2010) 
requires all new buildings to be nZEB by the end of 2020 (and 2018 for the 
public buildings), the embodied energy becomes equally important to assess. 
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Research also indicates that the embodied energy arising from the building 
materials supply chain (including off-site production of building materials and 
components and the transportation of these materials to the construction site) 
contributes to a significant fraction of a building’s energy use (Ding, 2008; 
Dixit et al., 2010; Chau et al., 2015; Liljenström et al., 2015). According to 
Ding (2008), the off-site production of building materials and components 
accounts for roughly 75% of the total embodied energy. A recent study on a 
low-energy building located in Stockholm, Sweden, revealed that the embodied 
energy use is on the same level as the operational energy use considering an 
expected 50 year lifespan for the building, and that 87% of this embodied 
energy and associated emissions are due to off-site production and 
transportation of the building materials and components to the construction site 
(Liljenström et al., 2015). Overall, the aforementioned research implies the 
significant contribution of the building materials supply chain to both the 
embodied energy and the total energy use, and considering its impact during 
the building design and pre-construction phase can provide a great potential for 
reducing the embodied energy. 

3.2 Life cycle inventory data  

LCA tools are the main means and methods for evaluation and reduction of the 
embodied energy associated with material supply chain during the building 
design and pre-construction phase. LCA tools and systems can be classified in 
three levels (Ortiz et al., 2009).  

� Level 1 includes the LCA tools for product comparison including Gabi 
(Germany), SimaPro (Netherlands), TEAM (France), LCAiT (Sweden). 

� Level 2 includes the LCA tools for whole building design decisions, such 
as LISA (Australia), Ecoquantum (Netherlands), Envest (United kingdom), 
ATHENA (Canada) and BEE (Finland). 

� Level 3 includes the LCA systems used as “whole building assessment 
framework” to implement green building practices, such as BREEAM 
(United kingdom), BREEAM-SE (Sweden), LEED (Unite States of 
America), SEDA (Australia). The main difference of these LCA systems 
with the other LCA tools belonging to other levels is that these systems are 
mainly credit-based which allowing building projects to achieve points 
upon the environmentally friendly actions taken during construction and 
use of the building. 
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Each of these LCA tools connects to the LCI databases which provide the LCI 
data for conducting an environmental evaluation, see figure 3.2. 

 

Figure 3.2: Demonstration of the connection between an LCA tool and an 
LCI database, adapted after (ISO 2006a; 2006b) 

Nevertheless, the LCI databases used by these LCA tools and systems are often 
based on industry-average values and thus they cannot account for differences 
caused in the embodied impacts of specific materials sourced from individual 
suppliers (Thormark, 2000; Heinonen and Junnila, 2011; Chau et al., 2015). 
Therefore, the LCA tools developed so far are not primarily targeted to 
compare the environmental performance of the products of the same product 
category. Although, the industry-average based databases provide a valuable 
environmental impact data for certain product categories, these databases may 
not provide accurate information on the impact of materials sourced from a 
specific supplier given the fact that the energy supply, raw material, the 
mechanisms and manufacturing processes used to produce a specific material 
can vary significantly among manufacturers and factories. To overcome this 
hinder and also get comparable data, one means can be to use product-specific 
data. EPD of materials and components is recognized to present a quantified 
and verified environmental data for a specific product (International EPD 
System, 2015). EPDs are defined as type III declarations under the ISO 
14020:2000 (2000) standard, and provide detailed LCA data and environmental 
indicators for a specific product/service based on the application of the LCA 
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methodologies (ISO, 2006a; 2006b). The ISO (2000) identifies 3 types of 
declarations: 

� Type I environmental labeling is the eco-labeling schemes, which award a 
mark/logo through fulfilment of a set of criteria, for instance the Nordic 
swan mark (Nordic Swan, 2016). 

� Type II “self-declared” environmental claims are the self-declared 
environmental performance implemented by the manufacturers.  

� Type III environmental product declaration (EPD) is a verified document 
which provides the life-cycle environmental performance data describing 
the environmental impacts of a specific product/service belonging to a 
certain product category. 

Product EPDs are verified by an independent third party and determined based 
on pre-established rules and requirements (Product Category Rules) for a 
certain product category to ensure the principle of comparability (ISO, 2006c). 
This allows the environmental performance of products of the same product 
category to be compared (Manzini et al., 2006). Moncaster and Song (2012) 
assert that the existing LCI databases mainly contain industry-average values, 
and they express the hope that further standardization of EPDs will result that 
all the manufacturers provide specific and detailed information of their 
products’ environmental impacts and embodied energy. Bergman and Taylor 
(2011) claim that the EPDs have become crucial instruments on international 
markets with environmental perspective, due to their capacity to display 
comparable environmental information about products/services in a reliable 
and verifiable way. As a result, the use of EPDs is increasing exponentially 
(European Commission, 2013) and there are numbers of open access databases 
established worldwide, which enable registering and storing these EPDs for 
public access (International EPD System, 2016; EPD Norway, 2016). A recent 
report from the Swedish national board of housing, building and planning 
(2015), which mainly presents the result of research and interviews with 
several key actors of the Swedish building industry, including consulting 
companies, contractors, municipalities and some other authorities, suggests the 
use of product-specific data such as EPDs to make comprehensive LCAs in 
order to minimize the building environmental impact. This report also 
expresses that the generic and industry-average LCI data can be beneficial in 
the early stages of design when it is not decided which products to be used, but 
at the later stages, product-specific data, i.e. EPD data are preferable in order to 
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compare the environmental performance of the products belonging to the same 
product category. 

3.3 Building information modeling and its integration with Life cycle 
assessment 

BIM can be defined as the process of generating, storing, managing, 
exchanging, and sharing building information in an interoperable and reusable 
way (Vanlande et al., 2008). BIM has become an applicable platform in 
building design and pre-construction among AEC practitioners enabling 
multidisciplinary information sharing in a common environment (Hartmann et 
al., 2008). The information sharing capabilities of BIM can also be beneficial 
for the assessment and decision-making of sustainability issues during the 
design stage (Schade et al., 2013; Wong and Fan, 2013). According to Azhar 
(2010), BIM-based sustainability analyses can achieve ‘some-to-significant’ 
time and cost savings compared to traditional methods. Kriegel and Nies 
(2008) define aspects in which BIM-based processes can facilitate sustainable 
design, which includes promoting the selection of sustainable materials, 
reducing material consumption, and increasing the use of recycled materials.  

Despite the clear sustainability advantages of BIM methods, existing BIM 
software generally lacks interoperability with conventional LCA tools which 
are the main means and methods for assessment of the embodied energy 
(Schlueter and Thesseling, 2009; Jrade and Jalaei, 2013).  

Research has therefore been conducted to integrate BIM software with LCA 
for assisting environmental decisions. For instance, Wang et al. (2011) used 
Autodesk Ecotect in Revit to facilitate assessment of the building operational 
energy; and a combination of other external analytical tools and databases for 
performing other parts of LCA. Schlueter and Thesseling (2009) developed a 
prototype add-on tool into a BIM software which enables energy/exergy 
performance assessment during design. Jalaei and Jrade (2013) integrated 
energy performance simulation, BIM and a cost estimation module to create a 
sustainable design process. Basbagill et al. (2013) presented a method for using 
BIM, LCA and sensitivity analysis to reduce embodied impacts during 
decision-making and design phase. Ajayi et al. (2015) provided a BIM-
enhanced LCA methodology through a case study evaluation. Kulahcioglu et 
al. (2012) proposed a prototype which integrates BIM with LCA and enables 
interactive environmental performance analysis of a 3D building model. Other 
scholars have evaluated the potential of using BIM in assisting the green 
building rating systems and certifications. For example, Azhar et al. (2011) and 
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Barnes and Castro-Lacouture (2009) study the scope for acquiring direct and 
indirect credit- and prerequisite savings by incorporating BIM data into the 
LEED rating certification system. Wong and Kuan (2014) investigated the 
potential for integrating BIM and Hong Kong BEAM plus to facilitate the 
certification process. Similarly, Grandhi and Jupp (2014) investigate the 
applicability of BIM tools for Australian Green Star building certification. 
Nevertheless, the major objective of these conducted studies was to either 
integrate BIM with the conventional LCA tools or provide new analytical 
methods for the use of BIM along with conventional LCA tools which are 
primarily unable to account for differences arising from the embodied impacts 
of specific materials from individual suppliers. Hereupon, in these conducted 
studies, no attention is given to the use of verified product-specific data (such 
as EPDs) for making a comprehensive LCA and also incorporating it into a 
BIM-driven design process   

BIM can be combined with ETL technology to manage big sets of data sources 
of different data formats and data models. The ETL technology has mainly 
been utilized in other disciplines (Kimball and Caserta, 2004; Bimonte et al., 
2014) in order to create repeatable processes for extracting data from multiple 
heterogeneous data sources, transforming the extracted data into some 
consistent structure or format, and eventually loading the transformed data into 
a target application (Karagiannis et al., 2013). The transformation often 
includes a variety of cleansing, sorting activities and processing filters 
organized in a workflow. Cerovsek (2011) emphasized the capability of ETL 
tools for integrating different data models.  

ETL technology can also be beneficial in overcoming the interoperability 
problems of the AEC industry (Tegtmeier et al., 2009; Grilo and Jardim-
Goncalves, 2010). Spatial ETL tools have been used to integrate information 
from Geographical Information System (GIS), performance data and BIM data 
as well as data from web services to establish a seamless information flow for 
supporting urban planning and design and construction (Cerovsek, 2011; 
Gökçe and Gökçe, 2014; Karan and Irizarry, 2015). Isikdag et al. (2013) 
established a BIM-oriented model for indoor navigation and utilized spatial 
ETL software to validate the model’s interoperability with commonly used GIS 
file formats. Carrión et al. (2010) applied spatial ETL to establish a virtual 3D 
city model which was used in conjunction with measured data for estimating 
the buildings’ energy use in a small test area in Berlin. A similar approach has 
been adopted by Johansson et al. (2016) to create a full scale 3D city model for 
predicting the operational energy use of buildings served by a district heating 
facility. Hereupon, the potential of ETL technology to automate the 
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information exchange and overcome some of the interoperability problems 
between BIM and LCA, will further be investigated in this research.  
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4 SUMMARY OF PAPERS AND FINDINGS 

This chapter provides a summary of the appended papers and main findings. 

4.1 Summary of appended papers 

Paper I 

Title: BIM-based environmental assessment in the building design process 

The scope of this study included the embodied energy arising from off-site 
production of materials and components (i.e. “cradle-to-gate” embodied 
energy) and the main purpose was to develop a model for assessing this 
embodied impact through application of BIM along with EPDs. As a result, a 
model was developed to support assessment of the “cradle-to-gate” embodied 
impact by the use of a prototyping approach. The model applied the EPD 
numbers and component’s name as a common denominator to facilitate 
quantity take-off from the BIM model for assessing the embodied energy. The 
result of this paper indicated that application of a classified system that enables 
to distinguish the materials and components with specific codes, can facilitate 
the assessment process. 

Paper II 

Title: A model for assessing embodied energy and GHG emissions in 
infrastructure projects 

The purpose of this study was to develop a model which enables to quantify the 
embodied impact caused by the infrastructure projects. Hereupon, a model was 
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developed for assessing this embodied impact by the use of a case. The model 
specifies the required data for assessing the embodied impact and applies a 
database which contains the energy- and emissions data attributed to materials, 
transportation and construction processes. The result of this study indicated 
that if suitable data is collected, application of a database is beneficial since it 
can be easily extended to be used for more consistent assessments of the 
embodied impact. 

Paper III 

Title: An integrated BIM-based framework for minimizing embodied energy 
during building design 

The scope of this study included the embodied energy associated with building 
materials supply chain (i.e. “cradle-to-site” embodied energy) and the purpose 
was to develop an integrated BIM-based framework to support design 
decisions and enable assessment of the embodied energy based on the 
suppliers’ EPDs. The framework was developed through a prototyping 
approach by use of a case. The framework also integrated ETL technology into 
the BIM to ensure BIM-LCA interoperability and enable an automated or semi-
automated process for assessing a building’s “cradle-to-site” embodied energy 
during design and pre-construction processes.  

4.2 Summary of findings 

The main outcome of this research project is a framework that presents a 
conceptual method of required processes and information flow for 
incorporation of embodied energy assessment into a BIM-driven design 
process. The framework features four main modules (see figure 4.1) each of 
which is described briefly as follows. 
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Figure 4.1: The developed framework for assessment of the “cradle-to-site” 
embodied impact (Shadram et al., 2016) 

Module 1 (Database) 

The core module of the framework is a generic database that contains all of the 
relevant data items, which are organized into a set of interacting relations with 
no need for reorganization if reassembly is required. Five relations within the 
database are used in the assessment of the embodied energy; (1) an EPD 
inventory (provides product-specific environmental performance data), (2) a 
component library (containing predefined component recipes), (3) a building 
part library (containing recipes for predefined building parts), (4) Fuel 
(provides environmental performance data of the fuels), (5) transportation 
modality (provides data on various transportation modes) 

Module 2 (Integrated BIM & Embodied design process) 

The framework consists of an integrated BIM design process in which the 
composition of the embodied recipes and the building design can be developed 
and implemented in parallel with each other. The embodied recipes can be 
composed by selecting the objects (or recipes from the database), modifying 
them and eventually defining suppliers and attributing EPDs to the constituent 
materials. These embodied recipes can be stored and identified with unique 
codes, which are subsequently utilized to classify the design object attributes 
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(components and building parts) in the BIM tool. This classification will 
facilitate the extraction of the quantities associated with the embodied recipes 
from the BIM tool. 

Module 3 (Quantity take-off and tracking transportation distances) 

In the proposed framework, the ETL technology is used to extract both the 
composed embodied recipes and the corresponding quantities from the BIM 
tool and load to the next module. The distance between the suppliers and the 
construction site is also tracked automatically through an ETL process. By 
having access to the database, the ETL technology uses the suppliers’ 
manufacturing locations (which are stored in the EPD inventory) and the 
location of the construction site to query an external map web service 
application (API). Through the map web service API, the transportation 
distance from each supplier to the construction site is calculated, and cycles 
recursively through the ETL process to extract estimated transportation 
distances for the entire supply chain. 

Module 4 (Assessment of the “cradle-to-site” embodied energy) 

After the quantities from the BIM tool and the composed embodied recipes 
have been extracted through the ETL process, the “cradle-to-gate” embodied 
energy can be estimated simply by linking the extracted quantities to the 
associated embodied recipes. The “gate-to-site” embodied energy can also be 
estimated through accessing the database (or fuel and transportation mode 
relations) and using the tracked transportation distances.   
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5 DISCUSSION AND CONCLUSION 

This chapter provides a discussion and conclusion of the research findings and 
also outlines the limitations. 

5.1 What is a suitable data source for assessment of the embodied 
energy? 

This question is addressed through review of the existing literature, reports and 
standards. The materials EPD can be identified as a suitable data source for 
assessment of the embodied energy. Several aspects of the EPDs make it 
possible to recognize them as a suitable data source rather than the industry-
average LCI data and databases, including: 

1. The EPDs provide detailed LCA data on the embodied energy and the 
environmental impacts of a specific product sourced from individual 
suppliers.  

2. The EPDs are determined based on the pre-established rules and 
requirements (PCR) which provides the principle for comparing the 
embodied energy- and environmental impacts data of the products 
belonging to the same product category. The PCRs compliment the ISO 
standard requirements, which provide the general principles and 
procedures for making an LCA, to a more specific context (i.e. product 
category) and defines the scope, the system boundary and the functional 
unit under which the LCA should be conducted. By this means, the use of 
PCR can reduce the risk of mistakes, misunderstandings, distinctions and 
uncertainties within the LCA of products belonging to the same product 
category and provides a great scope for comparison of the LCA data. 
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3. The EPDs are verified by an independent third party and are not self-
declared by the product manufacturers.  

4. The EPDs contain a validity date which reduces the uncertainties in the 
LCI data and also the demand for making an uncertainty analysis within 
the implementation of LCA (if the other factors and uncertainty issues are 
being overlooked). 

Up until now, eco-labelling schemas which award a mark/logo by using eco-
labelled materials (type I environmental labelling) and fulfilment of a set of 
other criteria, has got a significant attention in the Swedish building industry. 
However, the report by the Swedish national board of housing, building and 
planning (2015) suggests the use of EPDs (as the product-specific data) for 
making a comprehensive LCA beside the eco-labelling in order to minimize 
the building’s environmental impacts. All these provide implications for the 
consistency of the EPDs as a product-specific data for assessment of the 
embodied energy as well as the environmental impacts which also needs to be 
adopted during building design and pre-construction to support environmental 
decisions. However, the number of EPDs is increasing worldwide but one 
major shortcoming at present is the limited number of building material 
manufacturers, that have published EPDs for their materials and components. 

5.2 How can the embodied energy assessment be integrated into a BIM-
driven design process?  

This question can be answered with the results (i.e. proposed framework and 
developed prototype) presented in paper III, which was obtained by developing 
the findings from paper I and paper II further.  

To address this question, a framework was developed which highlights the 
required processes and functions for integration of the “cradle-to-site” 
embodied energy assessment into a BIM-driven design process. Several aspects 
of the framework make it possible to create an automated or semi-automated 
process for supporting assessment of the embodied energy during the building 
design development, including: 

1. The use of predefined objects, i.e. component- and building part recipes, 
which are stored in a generic database and linked to the inventory of the 
material EPDs, enables the selection of objects, the modification and 
attribution of EPDs to relevant materials and/or components in order to 
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compose recipes containing embodied energy and impact of each object 
used in the construction of the building of interest. 

2. The use of classified BIM object attributes provides an integrated BIM 
design process which incorporates the composed embodied recipes into a 
BIM tool, facilitating the extraction of quantities from the BIM tool and 
their attribution to the associated embodied recipes for assessing the 
“cradle-to-gate” embodied impact. 

3. The use of ETL technology, which serves as a core for processing and 
automating the extraction of quantities from the BIM tool as well as the 
tracking of transportation distances by linking to an external map API, 
integrates BIM and EPD data throughout the evaluation and finalize 
assessment of the “cradle-to-site” embodied impact of the building design.        

The use of EPDs enables selection of low embodied impact materials during 
building design and pre-construction and sets the environmental performance 
as a selection criterion beside other criteria such as costs. ETL technology has 
been adopted for managing the BIM data towards sustainability analysis to 
minimize the amount of effort, time and the risk of mistakes and 
misunderstandings which has been reported to be caused by the manual re-
entry of BIM data into the LCA tools. The use of ETL technology can 
therefore ensure the BIM-LCA interoperability and facilitate LCA which has 
been recognized by the practitioners and actors to be the current obstacle 
within the Swedish construction industry (Swedish National Board of Housing, 
Building and Planning, 2015). Several parameters such as; road infrastructure, 
traffic conditions, driving behavior, characteristics and energy efficiency of the 
chosen transportation mode (i.e. vehicles, trains, or ships), and the real share of 
empty running transports based on the next loading point, can potentially have 
considerable effects on the embodied impact caused by the transportation (i.e. 
“gate-to-site” embodied impact). Many of these parameters are not accounted 
for in the developed framework; however the use of a generic database in the 
developed framework provides the possibility to expand the database and 
account for some of these parameters to enable more accurate assessment of 
the “gate-to-site” embodied impact if suitable data collected. It should also be 
noted that the project delivery system has a significant impact on the scope for 
considering embodied impacts during building design and pre-construction. 
The framework is probably easier to adapt in a design-build contract system as 
both the design and the construction process rely on a single contractor 
responsibility. However, in the design-bid-build contract systems, the design is 
implemented in advance before a contractor is recruited, there might be less 
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scope to investigate other alternative designs, but the framework can still be 
adapted to select more environmentally friendly materials from different 
suppliers if the design is not affected.  

This research project was intended to provide a new solution for facilitating 
assessment of the embodied energy during building design and pre-
construction rather than investigating a proper stage throughout the design and 
pre-construction phase for the assessment of the embodied energy based on the 
supplier EPDs as well as the project delivery system. Therefore, further 
research is required to investigate the aforementioned issue and promote the 
findings of this research to consolidate a methodology based on the framework 
to be applied in the construction industry. For industrial applications, the 
prototype of the framework needs also further development to partly simplify 
the information exchange between the BIM and LCA and also to provide a 
user-centered design which fulfills the end-user requirements (e.g. designers, 
contractors and academic users). The result of this study can be generalized 
since the framework provides an integrated BIM-based practice for supporting 
the embodied energy assessment during building design and pre-construction, 
which can be adapted in the construction industry regardless where and in 
which country the construction project is implemented. Although, the use of 
several cases in this research enables to generalize the results, further test of the 
framework in real construction projects would expand the scope for its 
implementation in the construction industry. 
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6 FUTURE RESEARCH 

In this research study, assessment of the embodied impact associated with the 
on-site construction processes as well as the procurement costs were primarily 
not included. One potential for future research is therefore to expand the scope 
of study to cover the embodied impact caused by on-site construction 
operations as well as the procurement costs to provide a trade-off between cost 
and environmental strategies, see figure 6.1. The main approach is to provide 
an updated framework for further adoption of BIM- and cost estimation data 
for building a simulation model of the on-site construction processes which is 
also integrated with LCA to estimate the procurement costs and also assess the 
embodied impact caused by the construction operations during planning and 
follow-up of the construction activities. This integration is beneficial since it 
provides a possibility for the contractors to evaluate different construction 
plannings and select the most efficient schedule in terms of cost and embodied 
impact.   

Another potential research idea is to further apply the updated framework in a 
case of traditional and industrialized house-building for assessing the embodied 
impacts caused by both production and construction phases (i.e. “cradle-to-
construction” embodied impacts). The on-site construction processes in 
traditional house-building are normally much more complex compared to 
industrialized house-building if some factors such as the magnitude of the 
buildings and the projects are being overlooked. Conversely, in industrialized 
house-building production phase is much more complex than traditional house-
building which is mainly due to the additional number of production gates for 
manufacturing of the building elements and/or modules. The use of a case 
would enable to distinguish the processes required for the assessment of the 
“cradle-to-construction” embodied impact of the industrialized and traditional 
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house-buildings and enable to further develop and adapt the proposed 
frameworks to specific building systems (i.e. industrialized- versus traditional 
house-building). 

 

Figure 6.1: The scope of future research.   

Another research direction is to develop a BIM-based solution for establishing 
a balance in mitigation of the embodied energy and operational energy. As the 
results of the case as well as the literature studies in this research project 
indicate that both the embodied energy- and operational energy use have direct 
interactions with the type and the quantity of the materials utilized for 
construction of the building (or building of interest). Therefore, application of 
BIM design strategies, which enable evaluation of different scenarios in terms 
of material types and quantities, to launch an optimization in reduction of the 
embodied- versus operational energy is a possible option for future research.            
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BIM-based environmental assessment in the building design process 

 

Farshid Shadram, Marcus Sandberg, Jutta Schade, Thomas Olofsson  
Luleå University of Technology, Sweden 

ABSTRACT: Today, climate change is an issue of great concern. In addition, the building sector is considered to 
be one of the major energy users causing considerable amount of greenhouse gas emissions. Although, 
energy-efficient buildings are built today that use low amount of energy during operation, the embedded energy 
from construction and production of building material can still be relatively high. This paper focuses on the 
application of Building Information Modeling (BIM) using Environmental Product Declaration (EPD) to assess 
the environmental impacts from building materials and production to enable the designers to make 
environmentally friendlier decisions. Toward this approach, we propose a model which is examined in a case study 
of a roof structure on a commercial building which was constructed by off-site prefabricated roof-elements. As a 
result, the feasibility of the proposed model is appreciated in the assessment of the carbon footprint and embodied 
energy of the building materials and components. The proposed model needs to be further developed regarding the 
specification of the materials and components to make the information exchange between the BIM model and EPD 
in the environmental assessment of the building design more practicable.  

KEYWORDS: Building information modeling, Environmental product declaration, Life cycle energy, LCE, 
Embodied energy, Environmental impact, Carbon footprint     

1. Introduction  

Global warming is an issue of great concern. In addition, the building sector is considered to be one of the major 
users of energy causing considerable amount of greenhouse gas (GHG) emissions. According to a report by the 
European commission (2009), buildings account for approximately 40% of the European Union’s total energy use 
and GHG emissions. In Sweden, the building sector is estimated to contribute to 28% of the total energy use and 
consequently 20% of GHG emissions (Toller et al. 2009).  

Efforts in mitigation of the environmental impact of buildings are focused on reduction of the operational energy 
use, including heating, cooling and domestic hot water supply. Although new solutions have been proposed in the 
optimization of the buildings’ operational energy use in the recent decades, researchers have found that energy 
usage in construction and production of material is still relatively high. Yung et al. (2013) argue that the production 
of materials can contribute to a substantial percentage of the total energy use in a building’s life. Traditionally, 
buildings were constructed from local materials with low energy use and low environmental impacts but in new 
buildings, materials supplied on a global level such as cement, aluminum, concrete and PVC are used that increase 
the energy use and environmental impact (Zabalza Bribián et al. 2009). Dimoudi and Tompa (2008) express that 
the GHG emissions associated with the construction and consequently, material production, are gaining greater 
importance when buildings are becoming more energy-efficient. Hence, the reduction of the environmental 
footprint of the building requires a general view of the whole building’s life rather than restricting it to operational 
use only. 

This research disregards the building’s operation and concentrates on the environmental footprint caused by 
production of material and components. The main purpose of this research is to investigate the employment of 
Building Information Modeling (BIM) in the sustainable material selection, i.e. materials with low energy content 
and low environmental impacts, to facilitate decision-making for architects and designers in the building design 
process. 

2. Theory 

2.1 Life Cycle Assessment (LCA)  

The prominent technique used in sustainability assessment of buildings since 1990 is Life Cycle Assessment 
(LCA), also known as cradle to grave analysis (Fava 2006). LCA is applied in the building’s global and regional 
impact assessment. The impact categories are extensive e.g. global warming potential, proportion of ozone layer 
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depletion, eutrophication, and acidification which are evaluated based on energy consumption, waste generation, 
etc. (Ramesh et al. 2010). The procedures of LCA are illustrated extensively in the ISO 14040 (2006) and ISO 
14044 (2006) standards. Four different stages are studied in the LCA of a building; production, construction, 
operation and demolition (Erlandsson & Borg 2003; Zabalza Bribián et al. 2009). Figure 1 illustrates these stages 
more in detail.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The life cycle stages of a building, adapted after (Khasreen et al. 2009) 

The production phase refers to the required services in production of materials and components from raw 
material acquisition to production of the final commodities. The construction phase consists of transportation of 
the materials and components to the construction site and the installation services and on-site processes. 
Although, with current knowledge advancement in the building industry and with the increasing of the 
industrialized housing and prefabricated modules, the on-site construction activities are being increasingly 
restricted to the assembly of modules and parts. Consequently the number of gates in the production chain 
proliferates which results in an increase in the environmental impact in production in comparison with the 
construction phase. In the operation phase the environmental impacts are attributed to the operational energy 
demand concerning heating, cooling, domestic hot water and the refurbishment and maintenance services. Finally, 
the last phase is devoted to the demolition consisting of deconstruction services, transportation and the end 
treatment (i.e. either reuse, recycling or disposal of materials to the landfill). These life cycle phases are mainly 
distributed in 3 process flows, upstream (production and construction), use (operation) and downstream flow 
(deconstruction and disposal) (Ramesh et al. 2010).  

2.2 Life Cycle Energy Analysis (LCEA) 

The other form of LCA that is particularly related to the building’s energy efficiency efforts is Life-Cycle Energy 
Analysis (LCEA) which has been evolved in the last few decades (Fay et al. 2000). The main representative factor 
in this method is the energy content and the environmental impacts are evaluated based on the amount of energy 
usage. Although, the LCEA has significantly been promoted as the environmental impact estimator in the building 
industry, the system boundary of this method is still unclear. Ramesh et al. (2010) define the system boundary of 
the building LCEA within three phases; production, operation and demolition. According to this definition, all the 
activities and services corresponding to the production and construction phases as well as refurbishment services 
of the operational phase in the building’s LCA phases are incorporated in the production phase of LCEA. However, 
the other two phases, i.e. demolition and the operation phase except from the refurbishment activities, are the same 
as in LCA.  

Hence, in accordance with these three LCEA phases, the building’s Life Cycle Energy (LCE) and environmental 
impacts associated with the energy use are also being divided in three phases, embodied energy, operating energy 
and demolition energy. Meanwhile, other researchers as claimed by Ding (2004, cited in Dixit et al. 2010) 
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provide a more comprehensive definition which distributes building’s LCE in solely two phases, embodied 
energy and operating energy. In accordance with this definition the embodied energy also comprises the energy 
content of the demolition phase. Nevertheless, Ding (2004, cited in Dixit et al. 2010) states that the production of 
building materials and components off-site contributes to 75% of the total embodied energy. Whether the 
embodied energy includes the demolition energy or not, it contributes significantly to a buildings LCE when 
so-called “near zero-energy” buildings are constructed which use nearly zero or even less than zero operational 
energy. A case study by Hernandez & Kenny (2010) demonstrates a continual increase of the embodied energy 
when the building becomes increasingly energy-efficient. Thormark (2002) indicates that the embodied energy 
encompasses considerable part of the total energy use in the low energy buildings and its content in the low energy 
buildings is higher than conventional ones. In addition, Ramesh et al. (2010) state that low energy buildings 
perform better than self-sufficient (zero operating energy) buildings concerning the life cycle energy context since 
the embodied energy of the self-sufficient buildings is higher than low energy buildings. They also argue that a 
border in the reduction of operational energy exists where the sum of operational and embodied energy reach a 
minimum. Hence, with the advancement in the reduction of operating energy and achievement to the energy 
efficient buildings, the embodied energy of the material and components becomes a point of concern which 
requires more investigation to approach the concept of life cycle zero-energy buildings.  

2.3 Building Information Modeling and sustainable building design  

The National Building Information Model Standard Project Committee (NBIM-US 2014) defines BIM as: 

Building Information Modeling (BIM) is a digital representation of physical and functional characteristics of a 
facility. A BIM is a shared knowledge resource for information about a facility forming a reliable basis for 
decisions during its life-cycle; defined as existing from earliest conception to demolition. 

The ability of BIM in information delivery has been appreciated by the building sustainability efforts, particularly 
regarding the decision making in the early stages of design and planning which can significantly benefit design 
optimizations in terms of reduction in energy use and consequently mitigation of environmental impacts caused by 
the energy usage (Wong & Fan 2013; Schade et al. 2011). Kulahcioglu et al. (2012) state that assessment of the 
environmental performance of buildings in the design stage is crucial, since replacement of the high impact 
materials, which have a significant impact on the environment, is possible. Numerous approaches have been 
focused on the application of BIM along with BIM-based LCA and/or LCEA tools to make the building 
designers and architects capable to perform energy estimations and environmental impact assessment of the 
buildings in the early phases of the design process (Motawa & Carter 2013; Schlueter & Thesseling 2009; Azhar 
et al. 2011) 

These BIM-based LCA/LCEA tools have been developed to assess the environmental impacts and energy use of 
new, existing and under refurbishment buildings, as well as building products and components. These tools cover 
the stages of the buildings’ life cycle differently; some assess only the operational phase, some other cover one or 
two phases of the buildings’ life cycle and further have the ability to appraise the energy consumption and 
environmental performance of all phases. In a study by Haapio and Viitaniemi (2008), 16 existing building 
environmental assessment tools are analyzed and categorized. According to this study, the associated LCA/LCEA 
tools for assessment of embodied energy and environmental impact related to the production of materials and 
components are connected to different Life Cycle Inventory (LCI) databases. These databases contain the 
embodied energy and impact of the building materials and therefore make this assessment possible. Some 
examples of these LCI databases are Oekoinventare (ETHZ), DEAM or ATHENA. Trusty and Meil (2002, cited 
in Haapio & Viitaniemi 2008) argue that, the comparison of the environmental impact assessment carried out by 
these tools is impossible due to the employment of different databases and lack of a central database. Another 
drawback of these energy estimation and impact assessment tools is the lack of a homogenous and unique rating 
system.         

On the other hand, challenge in environmental performance of the building sector has led to a competition 
between material manufacturers to launch more eco-efficient products. Hence, manufacturers are gradually being 
imposed to provide relevant, verified and comparable information about the environmental impact of their 
commodities and services in forms of Environmental Product Declaration (EPD), a declaration reviewed by an 
external party and demonstrates the total embodied energy and quantity of pollutants emitted in the production of a 
particular product, to be able to compete with others. Nevertheless, a limited number of the LCI databases have 
the ability to update after the new emerged EPDs, these databases only contain an average of embodied energy 
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and impact value of each material. Considering that each specific material is being manufactured in unique 
processes and different mechanisms in different factories, the outcome of the embodied energy and 
environmental impacts estimated by these LCA/LCEA tools is ambiguous due to the imprecise value regarding 
the impacts of the individual material that is being used in the specific building project.  

3. Aim and method: 

Given the increasing number of the EPDs (International EPD System 2014; EPD Norway 2014) and considering 
that each building is unique with exclusive material and components, the aim of this research is to develop a 
method to assess the embodied energy and environmental impact of the building material production, by the 
application of BIM along with EPDs in the early stages of planning and design to enable the designers and 
architects to make environmentally friendlier decisions. The feasibility and obstacles of the proposed method 
was examined in a case study of a roof structure of a commercial built building which was constructed by 
off-site prefabricated roof-elements. In this study the main evaluated variables were the embodied energy and the 
global warming potential (GWP), i.e. embodied carbon footprint, which is one of the impact indicators considered 
in the environmental impact assessment of EPD. The data were gathered in collaboration with two companies, the 
company which manufactures prefabricated roof-elements and the company that manufactures the core 
constitutive material of the roof-elements i.e. the framing beams. In addition, information about delivery of the 
elements to the construction site was obtained through further contacts with the roof company to be able to 
estimate the environmental footprint associated with the transportation services. 

4. Proposed method: 

The purpose of the proposed method is to facilitate the integration of the information stored in the BIM models 
with the estimation and assessment of embodied energy and environmental impact from the production of 
material and components. The proposed method is primarily utilizing quantity take-off of the BIM materials and 
building parts and mapping these quantities with the constituents EPDs to assess the specific environmental 
impact of the design.  

In this case a BIM model in native Autodesk Revit 2013 format and a Microsoft Excel 2010 sheet representing 
the EPDs was used. Since the environmental impact and embodied energy are set and expressed per Functional 
Unit (FU) in the EPDs it is crucial that the quantity take-offs of the BIM model have the same unit. When a 3D 
model of building is designed in Autodesk Revit, the common denominator shall be defined to make the 
information identifiable between the two data sets, the BIM model and the EPDs. The type mark in the 3D Revit 
model was used as the material and component tag in the case study. 

Due to the practical and technical factors, the level of detail (LOD) of 3D objects in housing projects is generally 
set to element level, but given the specific purpose of this research and the tested specimen, which is a 
module/subassembly in the building and moreover due to the exclusive nature of the corresponding EPDs of the 
materials and components, the LOD is set to the material level. Hence, both the type marks in the 3D model and 
the Excel file containing EPDs shall be categorized and sorted out on the material level according to the 
corresponding EPD codes to make the information exchange feasible and detailed. The quantity take-off can be 
performed either by applying a BIM authoring tool e.g. Tocoman iLink or by using the schedules/quantities in 
the 3D Revit model. The constituents materials and components of the modules are identified on the EPD codes 
(i.e. type marks in the model) which later can be exported to an Excel sheet. Since the quantities in the new 
Excel sheet and the Excel sheet which consists of the environmental impacts and embodied energy, have same 
codes, the quantities can simply link to the environmental impacts and embodied energy of the materials and 
components and consequently the environmental footprint of the material production corresponding to the 
considered module can be computed. Figure 2 indicates the procedure of this proposed method. 
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Figure 2: The proposed method to assess embodied energy and environmental impacts using BIM and EPDs.  

5. Case study  

5.1 The analysis of a roof structure 

A case study was conducted to investigate the feasibility of the proposed method of environmental impact 
assessment and embodied energy estimation. In this study a roof structure of a commercial built building was 
examined. The building is a type of educational building and is located in Södertälje, south of Stockholm. The 
roof of the building stock was constructed from off-site prefabricated roof elements, these elements were 
transferred to the construction site where they were mounted together. The total surface of the roof was 1225 m2, 
built by 42 off-site constructed roof elements. 

The data was gathered in collaboration with two companies; the first company manufactures I-joist beams 
comprising flanges made from solid wood and a web made from Oriented Strand Board (OSB). The other 
company utilizes the I-joists as bearing structure in the construction of the roof elements and was also in charge 
for the implementation of the commercial building’s roof, see figure 3. 

 

 

 

 

 

 

 

 

Figure 3: I-joists manufactured by the first company and roof elements manufactured by the second company 
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Since the first company had an EPD for the I-joist beam, efforts were put into data collection on the EPDs of the 
constituent components in the considered roof structure. Moreover, information about delivery of the elements to 
the construction site was obtained through further contacts with the roof company to be able to estimate the 
environmental footprint associated with the transportation services. In total, six loaded truck was employed to 
transfer 42 roof elements to the construction site, i.e. 7 roof elements in each loaded truck. Table 1 presents 
materials and components being used in the manufacture of the considered roof element.         

 

Table 1: List of constitutive materials and components in a roof element  

 

 

5.2 Quantity take-off and assessment of the embodied energy and carbon footprint 

The proposed method in section four was used for the assessment of the embodied energy and carbon footprint 
in the case study. The embodied energy and carbon footprint of 1 m² of the considered roof element was 
estimated. Hence, a 3D model of 1 m² of the element was designed in Autodesk Revit using the constituent 
materials and components with the considered parameters in the Autodesk Revit family and subsequently 
loading the family components to the Revit project to design the roof element and specify the required data and 
attributes of the components. Whereas only three available EPDs were found (see table 1), the computed 
environmental declaration of the roof element by the associated company was utilized to make the assessment 
feasible. The energy content and carbon dioxide emissions of materials production that was presented in the 
company’s declaration was not as accurate as the EPDs, since the EPDs are being reviewed by an external party 
whereas the energy content and carbon footprint of the materials in the company’s declaration were carried out 
solely by the corresponding material manufacturer. In the case where no available data was found in the 
company’s declaration, regarding the carbon footprint and energy content of the constituent materials, a different 
approach was applied. For instance, regarding the coated Aluminium-Zinc sheet, the only accessible data was a 
declaration of the associated manufacturer about the energy use for production of this kind of sheet. Therefore 
the total energy use was converted to the amount of carbon dioxide equivalents by applying the Swedish 
conversion factor (Svensk energi 2014). Moreover, concerning the diffusion barrier paper an EPD of a similar 
material from another manufacturer was employed. 

As the contribution of the renewable and non-renewable energy to the total energy use is clearly stated in an 
EPD, no obstacles were faced to determine the embodied energy of the materials that had an available EPD. But 
in order to be able to compute the embodied energy of the rest of the materials, additional approaches were 
adopted. In the company’s environmental declaration and the other product declarations which were carried out 
by the associated manufacturer, the total energy use was distributed to the electrical energy and fossil energy. 
However, the fossil energy enumerates as embodied energy, but not all content of the electrical energy, hence, 
more data was gathered about the electrical energy production of the associated country where the materials are 
being manufactured to distinguish the proportion of non-renewable energy in the production of the electrical 

Number Material  Thickness EPD Functional Unit (presented 
in the EPDs) 

1 Diffusion barrier paper 0.5 mm Unavailable Unavailable 

2 Plywood board  15-17 mm Unavailable Unavailable 

3 Glass wool insulation  400 mm Available Per cubic meter ( m3) 

4 Stone wool insulation (employed only 
at the edges of each element) 

50 mm  Available Per cubic meter ( m3) 

5 I-Joist beams (H40) 400 mm Available Per meter (m) 

6 Coated Aluminium-Zinc sheet  0.5 mm Unavailable Unavailable 
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energy and consequently be able to estimate the total embodied energy of each individual component (Sveriges 
energikarta 2010).    

Regarding the common denominator (i.e. type marks), in the case where no EPD existed, it was defined by the 
component’s name. Since the computed carbon dioxide and embodied energy pertained to 1 m2 of the roof 
element, the estimated values were amplified based on the total roof area to appraise the total embodied energy 
and carbon footprint of the implemented roof. Finally, the carbon dioxide emission associated with the transport 
of elements from the roof company to construction site was calculated by computing the delivery distance which 
was approximately 566 km and the total number and type of the truck that was utilized in the delivery (Krantz 
2013).   

5.3 Calculated embodied energy and carbon footprint  

Figure 4 and 5 indicate the embodied energy and carbon dioxide emissions associated with the production of 
each constituent material in the implemented building’s roof along with the transportation emissions.    

 

 

 

 

 

 

 

 

Figure 4: The embodied energy associated with the production of the constituent materials of the building’s roof 
in the case study 

 

 

 

 

 

 

 

 

Figure 5: The corresponding carbon dioxide equivalents associated with the production of constituent materials 
and transportation services of the building’s roof in the case study. 

 

As shown in figure 4 and 5, the production of insulation has the highest embodied energy and consequently the 
largest amount of carbon dioxide emission. However, the insulation in the building’s structure also reduces the 
energy use in the operational stage of the buildings life cycle. The next significant emitters of carbon dioxide are 
allocated to the production of I-joist beams and diffusion barrier, respectively. Unexpectedly, the contribution to 
the total carbon dioxide emissions from the transportation is not insignificant and constitutes of approximately 
17 % of the total emissions. Regarding the coated Aluminium-Zinc sheet it is inferred that the presented 
information in the environmental declaration of the company was not considering the raw material acquisition of 
the ingredient materials and only included the energy use for production of this component in the factory. 
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Aluminium has high embodied energy due to the excavation and mining processes.  

6. Discussion and conclusion  

Assessment of the embodied energy and carbon footprint of the implemented commercial building’s roof was 
demonstrated using the proposed method. Application of EPD numbers and component’s name (where no EPD 
was available), as the common denominator facilitated the information exchange between the quantity take-off 
and assessment of the embodied energy and carbon footprint in the case study. Nevertheless, application of the 
component’s name as the common denominator may not be the best choice, especially regarding assessment of 
the environmental impacts and embodied energy of the whole building when the number of constituent 
components and materials is vast. Hence, application of a system that has the ability to distinguish material and 
components with specific codes would be a solution regarding the lowest common denominator in this method. 
Currently in the Swedish construction industry a classification system called BSAB 96 (Byggtjänst 1998) is 
being applied in the building industry to facilitate information exchange between disciplines and actors in a 
project. In accordance with this system, all the building parts, elements, resources and activities are coded. 
Nevertheless, no attention has been set on the building materials in this system. Hence, additional approaches are 
required in this context. The other obstacle that was identified was the different FU in the EPDs, for instance in 
the I-joist beam the FU was expressed as 1 m of the component while the insulations FU was stated as 1 m3 of 
the component. This variation can provide difficulties for the architects and building designers to estimate a 
whole building environmental impact. Hence, more research is required to investigate how the Quantity take-off 
should be performed to match the constituent materials and components FU of the EPDs.  
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ABSTRACT 
The Royal Swedish Academy of Engineering Sciences (IVA) reports in a recent 
study that the total climate impact from the construction processes in Sweden is 
around 10 million tonnes of CO2 equivalents per year. This is in the same magnitude 
as the emissions from all cars in Sweden and more than what is generated by all 
trucks and buses. In infrastructure construction such as road projects the cradle to 
construction completion, meaning off-site production of materials, transportation to-
site and construction on-site, is a major part of the emissions of the whole life cycle 
of the road. Many of the current efforts in reducing the climate impact of 
infrastructure construction processes focus on smaller portions of the life cycle. 
Hence, the climate impact during other phases of the life cycle often is overlooked. 
This study proposes a model for assessing the embodied energy and greenhouse gas 
emissions in infrastructure projects. The model is accompanied with a database that 
stores energy- and GHG data for materials, transportation vehicles and construction 
machines. Combined with project specific data such as quantities, transportation 
distances and a project schedule the total GHG use and emissions can be assessed. 
 

KEYWORDS: Bridge construction; Energy estimation; Upstream flow. 
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INTRODUCTION 
Construction and operation of buildings and infrastructure is a main contributor to 
emissions of greenhouse gases (GHG) in Sweden. The embodied energy of 
construction, meaning all the energy that is used until the completion of the 
construction project (see Figure 1), cause roughly 10 million tonnes of CO2 
equivalent emissions each year which equals to the emissions from all cars in 
Sweden (IVA 2014). About 6 million tonnes of CO2 equivalent emissions are 
attributed to the embodied energy of roads, railroads and other civil works while the 
remaining 4 million tonnes are attributed to the embodied energy of buildings (IVA 
2014). Although reducing energy use and associated GHG-emissions in road and 
railroad construction is prioritized by the Swedish Transport Administration 
(Trafikverket 2012), the GHG-emissions from such construction projects have 
increased in recent years (Boverket 2014). Many of the existing efforts to reduce 
energy use and associated GHG-emissions focus on individual phases of the life 
cycle and don’t take into consideration the effects at other stages during the whole 
life cycle of a project (Boverket 2011). A crucial step in the assessment of energy use 
and associated GHG-emissions is to clarify and categorize the different phases of a 
life cycle. Figure 1 shows a proposed categorization of life cycles phases and use of 
energy based on previous research (Davies et al. 2014). Buildings’ main use of 
energy happens during its operational phase from e.g. heating, lighting and use of 
electrical appliances (Sartori and Hestnes 2007). In infrastructure projects such as 
road construction the embodied energy is roughly equal to the operational energy for 
roads with lighting, or in fact considerably higher if the road lacks lighting (Stripple 
2001).  
 

 
Figure 1. Life cycle phases and energy use in construction projects (Davies et al. 
2014). 
 
This study presents a model for estimating the GHG emissions of CO2 and CO2 
equivalents resulting from the use of energy in infrastructure projects. The model 
covers the first three life cycle phases associated with the embodied energy shown in 
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Figure 1, the material, the transportation and the construction phase. A simple 
database is designed to store relevant data for the estimation of embodied energy and 
GHG emissions of infrastructure projects.  
 
PROPOSED EMBODIED ENERGY MODEL 
The proposed model is aimed at quantification of the embodied energy and 
associated GHG emissions in infrastructure projects, Figure 2. The model is based on 
previous work on life cycle phases and use of energy (Davies et al. 2014) and the 
Discrete Event Simulation and Building Information Modeling framework by Lu and 
Olofsson (2014). 
 

Component data and
material EPDs
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and facilites
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material quantities
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Calculation of
material energy

Calculation of
construction energy

Total energy use and
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Figure 2. The proposed model. 
 
A main feature in the model is the implementation of a database with energy- and 
GHG emission data. The energy source can be in terms of electricity or fossil fuels 
measured in megajoules (MJ). The GHG emissions are accounted for in terms of 
global warming potential (GWP) and is measured in CO2 equivalents. In the 
proposed model this concept is used for material and component productions were 
the data are acquired from EPDs (Environmental Product Declarations). For 
transportation and on-site construction the model only accounts for GHG emissions 
in terms of CO2.  
 
The benefit of utilizing a database for non-project-specific data about off-site 
production and transportation of materials and components is that additional data 
when available can be added for the quantifications of upstream life-cycle analysis 
(LCA) in infrastructure projects. The data in the database is mainly acquired from 
EPDs and can easily be changed or complemented if other materials or components 
are to be used. The on-site part of the database includes energy- and GWP data of 
transportation vehicles, construction equipment and on-site facilities. The project 
specifics are data from the specific project, such as quantities, project location, 
construction methods and detailed schedules. By combining the project specifics and 
the associated parts of the database, the upstream energy- and GWP calculations of 
the project can be automated. 
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DEMONSTRATION 
The usefulness of the proposed model is evaluated on the construction and assembly 
of a superstructure of a prefabricated bridge. The evaluated bridge “Montagebro” is 
shown in Figure 3 and is described in more detail in Larsson et al. (2014) and 
Larsson et al. (2015). In Larsson et al. (2015) a schedule and detailed productivity 
data for different activities involved in the construction of the superstructure is 
presented. The database is composed of energy data from EPDs and suppliers of the 
bridge superstructure materials and components.  
 

 
Figure 3. The ”Montagebro” bridge used in the demonstration (Larsson et al. 
2014). 
 
Materials, components, transportation and equipment 
The demonstrated bridge superstructure is 18 by 8 meters. The construction of the 
superstructure starts with mounting a total of 9 prefabricated beams onto the 
substructure. The beams in each side, the so called edge beams, are larger than the 7 
in the middle. Onto the beam structure 48 prefabricated plates are mounted to cover 
the gaps between the beams and create a level surface to construct the surface. Next a 
structure of reinforcement is assembled on the plates and then finally the 
reinforcement is covered with a layer of concrete. The material quantities are 
summarized in Table 1. 
 
Table 1. Material quantities of the superstructure of the bridge. 
 Material Quantity Unit 
 Beams 7  pcs 
 Edge beams 2 pcs 
 Plates 48 pcs 
 Concrete 35,1  m3 
 reinforcement 5,4 tonnes 

The construction processes on-site requires a mobile crane and a concrete pump. The 
workers need two units, one with a kitchen and one with shower and dressing room 
possibilities. The energy use of this equipment and facilities is shown in Table 2. 
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Table 2. The energy use of the on-site equipment and facilities. 
 Equipment or unit type Energy use Unit 
 Mobile crane 26,8 l/h 
 Concrete pump 29,2 l/h 
 Workers unit 50,4 MJ/d 
 
The construction of the superstructure takes a total of 16 days in which the mobile 
crane is used for 64,5 hours and the concrete pump for 1,7 hours. In this 
demonstration the location for the prefabricated bridge and the transportation 
distances from suppliers are based on a hypothetical case. The transportation 
distances used in the demonstration are listed in the next table, Table 3. 
 
Table 3. Assumed transportation distances from suppliers to construction site. 
 Supplier Distance (km) 
 Prefab factory 100 
 Concrete 50 
 Reinforcement 50 
 Workers units 50 
 
Prefabricated components  
The prefabricated concrete components are produced in a factory from concrete and 
reinforcement. Each type of component in the bridge superstructure has a GWP 
datasheet listing the emissions from cradle to factory gate including the extraction 
and manufacturing of input materials, transportation to the factory and the energy 
used at the factory for producing the components. The energy use is an assumption 
based on the components GWP.  Table 4  shows a summary of each component’s 
GWP and energy use. 
 
Table 4. Energy use per prefabricated component from cradle to factory gate. 
 Component GWP (CO2 eq.) Energy use (MJ) Unit 
 Edge beam 1234  30 603    pcs 
 Beam  1029  25 528     pcs 
 Plate 29  720 pcs 
 
Building materials 
The building materials/components used in the superstructure of the bridge beside 
the prefabricated components is concrete and reinforcement. The GWP and energy 
use during extraction, transportation, and manufacturing are based on the materials 
EPDs from cradle to factory gate, see Table 5. 
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Table 5. GWP and energy use of building materials from cradle to factory gate. 
Material GWP (CO2 eq.) Energy use (MJ) Unit Source 
Concrete 188 1495 m3 (EPD-Norge 2014) 
Reinforcement 785 11 556 tonne (UK CARES 2014) 
 
Transport 
The building materials, prefabricated components and on-site facilities need to be 
transported to the construction site. For each type of transport, the fuel consumption 
and load capacity is needed. The load capacity is described for each functional unit 
of the particular goods transported.  The fuel consumption data is based on average 
values for trucks fully loaded half the distance and unloaded the other half of the 
total distance. The assumed diesel consumption of the transported goods to the 
construction site is listed in Table 6. 
 
Table 6. Diesel consumption for transportation of materials, components and 
facilities. 
 Transported goods Quantity Unit Diesel /km 
 Edge beams 1 pcs 0,52 
 Beams 2 pcs 0,52 
 Plates 48 pcs 0,4 
 Concrete 4 m3 0,4 
 Reinforcement 10 tonnes 0,45 
 Workers units 1 pcs 0,45 
 
 Database design 
 
A simple energy and GWP database is designed and populated with the data in the 
previously mentioned tables. The Resource table is populated with construction 
equipment and on-site facilities. Both prefabricated components and building 
materials are summarized in the Material table. The Truck table is populated with the 
transport information. These tables form the general energy and GWP database. The 
remaining tables in Figure 4 are input tables for project specific data. The Task table 
summarizes the total electricity and fuel use in the cradle to construction gate 
analysis of the bridge superstructure. The ER-diagram of the Energy & GHG and 
Project specifics databases are shown in Figure 4 below. 
 



 

7 
 

 
Figure 4. ER-diagram of the energy- and GWP database.  
 
Tasks in the database need to be delimited from other tasks in a rational way on order 
to keep data gathering and input simple. In this demonstration the construction of the 
bridge is seen as one task, thereby resource use during the project is summarized in 
advance.  
 
RESULTS 
The energy use (embodied energy) and associated CO2 equivalent emissions of the 
cradle to construction gate analysis of the bridge superstructure are presented in 
Table 7. 
 
Table 7. Energy use CO2 eq. emissions of  each category in the demonstration. 
 Category Energy use (MJ) CO2 eq. emissions (kg) 
 Material 389 365 21 902 
 Transportation 42 948 3 165 
 Construction 65 311 4 695 
 
Each category’s contribution to total CO2 emissions and energy use of the project’s 
embodied energy can be seen in Figure 5. 
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Figure 5. CO2 emissions and energy use of each category. 
 
The CO2 emissions for 1 liter of combusted diesel is 2,64 kg (Orovwode et al. 2014). 
The Swedish energy mix is used for electricity which accounts for 0,0056 kg CO2 
emissions for each MJ of used electricity (Svensk Energi 2014). As shown in Figure 
5, material production is the main user of energy with 78% of the total embodied 
energy. Material production also and has the highest emissions of CO2, however, due 
to differences in the energy sources used the CO2 equivalent emissions don’t fully 
reflect the energy use.  
 
DISCUSSION AND CONCLUSIONS 
The demonstration shows that implementation of the proposed model to estimate 
embodied energy and GHG emissions is a relatively straightforward task. By storing 
energy- and GHG data attributed to materials, transportation and construction 
processes in a database the data can be used in other projects and new data can be 
added to expand the scope of the database. This type of model is probably more 
useful in constructions projects that use more standardized components and 
construction methods since data in the database can be reused in new projects.  
 
Expanding the model to include the entire life cycle requires more extensive 
gathering of input data. Part of the required input data can be found in EPDs, but 
maintenance and operation data might be harder to acquire depending on the types of 
activities required in these phases. One barrier for the application of the proposed 
model is the gathering of reliable and relevant data in the database. EPDs are still 
rare and not commonly defined by suppliers of material and components.  One might 
therefore be forced to use EPDs from other suppliers, which was the case in this 
study. Also, the conversion between energy use and GHG emissions need to be 
adapted if suppliers from other countries are selected. Future research should focus 
on the data acquisition for the database and how the data can be made more reliable 
so that it’s applicable in more general settings than previously discussed. 
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Material
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a  b  s  t  r a  c t

Assessment  of  the  embodied energy  associated with  the production  and  transportation of materials dur-
ing  the  design phase  of building provides  great  potential to  profoundly affect the building’s  energy  use
and  sustainability  performance.  While Building  Information Modeling (BIM)  gives opportunities  to incor-
porate  sustainability  performance  indicators  in  the building design process, it lacks interoperability  with
the  conventional Life Cycle  Assessment  (LCA)  tools used to analyse  the environmental footprints of mate-
rials  in building  design. Additionally, many LCA tools  use databases based  on  industry-average  values and
thus  cannot account  for differences  in the embodied impacts  of specific  materials from  individual suppli-
ers.  To address  these  issues, this  paper presents  a  framework that  supports design  decisions  and  enables
assessment  of the  embodied energy  associated  with building materials supply chain  based  on suppliers’
Environmental  Product Declarations  (EPDs). The framework  also integrates  Extract Transform  Load (ETL)
technology  into  the BIM  to  ensure  BIM-LCA  interoperability, enabling  an automated or  semi-automated
assessment  process. The applicability  of the framework is tested  by developing  a  prototype  and using it in
a  case  study,  which shows that  a  building’s  energy  use  and  carbon  footprint can  be  significantly  reduced
during  the design  phase by  accounting the impact  of individual  material in the supply chain.

© 2016  Elsevier  B.V.  All rights reserved.

1. Introduction

Considerable efforts have been made to reduce buildings’ oper-
ational energy use over the last decades while little attention has
been paid to reducing the embodied energy use, i.e. the energy con-
sumed during the off-site production and transportation of building
materials and components, the erection of the building on-site,
and  any refurbishment activities that may  be required [1].  Several
studies  have emphasized the significance of the embodied energy
[2,3] as it may  account for up to 60% of the building’s total energy
use [4,5]. It has also been reported that a significant fraction of a
building’s energy use is  attributable to  the embodied energy associ-
ated  with off-site production of building materials and components
(i.e.  “cradle-to-gate”) and the transportation of these materials
and components to the construction site (i.e. “gate-to-site”) [6–9].
Ding  [6] claims that the off-site production of building materials
and components is responsible for approximately 75% of the total
embodied energy. A recent study on a  low-energy building located
in  Stockholm, Sweden, indicated that the embodied energy would

∗ Corresponding author.
E-mail addresses: farshid.shadram@ltu.se (F. Shadram), tim.johansson@ltu.se

(T.D. Johansson), weizhuo.lu@ltu.se (W.  Lu), jutta.schade@ltu.se (J. Schade),
thomas.olofsson@ltu.se (T. Olofsson).

be comparable to the operational energy given an expected lifespan
of  50 years, and that 87% of the embodied energy and GHG emis-
sions  would be due to the off-site production and transportation of
the  building materials and components to the construction site [7].
Overall, the available data indicate that the building material supply
chain (i.e. production and transportation) contributes significantly
to  both the embodied energy and the total energy use, and should
therefore be considered during the design and pre-construction
phase when there is great scope for reducing the embodied energy.

1.1.  Life cycle assessment and environmental product declaration

Life  Cycle Assessment (LCA) tools are the main methods used
during  the building design and pre-construction phase for evalua-
tion  and reduction of the embodied energy associated with material
supply  chain. Nevertheless, the Life-cycle Inventory (LCI) databases
used by these LCA tools are often based on industry-average val-
ues  and do not account for differences caused in the embodied
impacts of specific materials from individual suppliers [9–11]. The
industry-average based databases may  not provide accurate infor-
mation on the impact of material sourced from a  specific supplier
given  the fact that the energy supply, the manufacturing processes
and  mechanisms used to produce a  specific material can vary sub-
stantially between manufacturers and factories. Dixit et al. [8] claim
that current embodied energy databases are generally inaccurate

http://dx.doi.org/10.1016/j.enbuild.2016.07.007
0378-7788/© 2016 Elsevier B.V. All  rights reserved.
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and of variable quality because manufacturers use inconsistent
methodologies to determine the embodied energy of  their mate-
rials.  One means to  overcome this obstacle and get comparable
data  is the use of verified product-specific data in the form of Envi-
ronmental Product Declaration (EPD). EPDs are  defined as type III
declarations under the ISO 14020:2000 standard [12], and pro-
vide  detailed process-based LCA data for a  specific product which
is  verified by a third party and determined based on a  consistent
methodology (Product Category Rule) which makes the result of  the
LCA comparable [13].  Moncaster and Song [14] claim that exist-
ing  LCI databases primarily contain industry-average values, and
express hope that the upcoming standardization of EPDs will lead
to  all manufacturers providing detailed and specific information
on  their products’ embodied energy and environmental impacts.
Because the number of available EPDs is  increasing and EPDs con-
tain verified product-specific data on the embodied energy and
environmental performance of specific materials from individual
suppliers, this research recommend the use of  EPDs as a  consistent
data  source for assessing embodied energy and associated environ-
mental impacts.

1.2. Building information modeling and life cycle assessment

Building Information Modelling (BIM) is  defined as the pro-
cess  of generating, storing, managing, exchanging, and sharing
building information in  an interoperable and reusable way  [15].
BIM  has become an applicable platform in the design and pre-
construction phase of the building as it enables the sharing of
multidisciplinary information in a  common environment [16]. The
information sharing capabilities of BIM can also be  useful when
assessing sustainability issues and making related decisions during
the  design stage [17,18]. Azhar [19] claims that BIM-based sustain-
ability analyses achieve ‘some-to-significant’ time and cost savings
compared to the traditional methods. Kriegel and Nies [20] have
listed  ways in which BIM-based processes can facilitate sustainable
design. Notably, these include promoting the selection of sustain-
able  materials, reducing material consumption, and increasing the
use  of recycled materials. Despite the clear sustainability advan-
tages  of BIM methods, existing BIM software lacks interoperability
with  conventional Life Cycle Assessment (LCA) tools which are the
main  means for assessment of the embodied energy [21,22].  There-
fore, significant time and effort is  required to extract and modify
exported data from the BIM software to  match the input format of
these  LCA tools [23,24].  This process also increases the risk of mis-
takes, misunderstandings and errors due to the manual re-entry
of  the project information into the LCA tools and hinders the inte-
gration  of LCA into model-based BIM design processes. As a  result,
embodied energy assessments are often performed only after the
design has been developed at a relatively detailed level rather than
at  real-time for supporting environmental decisions. The integra-
tion of BIM with the LCA to assess the embodied energy has also
got  limited attention among the scholars. For instance, Wang et al.
[25] used Autodesk Ecotect in the Revit to facilitate assessment of
planned buildings’ operational energy; the other components of
the  LCA were performed using a  combination of external analyt-
ical  tools and databases. Basbagill et al. [26] proposed a method
for  using LCA, BIM and sensitivity analysis to reduce embodied
environmental impacts during design phase decision-making. Ajayi
et  al. [27] carried out a  BIM-enhanced LCA methodology through
evaluation of a case study. Kulahcioglu et al. [28] presented a  pro-
totype that integrates BIM with LCA and allows for the interactive
analysis of a 3D building model with its environmental impacts.
Azhar  et al. [29] and Barnes and Castro-Lacouture [30] investigated
the  scope for achieving direct and indirect credit- and prerequisite
savings by incorporating BIM data into the LEED rating certifica-
tion  system. Wong and Kuan [31] investigated the potential for

using BIM data to facilitate the Hong Kong BEAM Plus certification
process. Similarly, Grandhi and Jupp [32] studied the applicabil-
ity  of BIM tools for Australian green star building certification.
Nevertheless, the major intention of these studies was to  either
provide  new methods for the use of existing LCA tools along with
BIM  or integrate BIM with the conventional LCA tools which are
mainly  incapable to account for differences caused in the embod-
ied impacts of specific materials from individual suppliers. Thereby,
the  use of verified product-specific data (such as EPDs) as a consis-
tent  source for the LCA and incorporating it to a BIM-based design
process is overlooked in these conducted studies.

1.3.  Extract, transform and load technology

Extract, transform and load (ETL) technologies have been used
in  other disciplines to  overcome interoperability issues and man-
age large data sets containing information from multiple sources
that may  be recorded in  different formats and using different data
models [33,34]. ETL tools are generally used to establish repeat-
able  processes to extract data from multiple heterogeneous data
sources,  transform the extracted data into some consistent for-
mat  or structure, and finally load the transformed data back into
a  database or target application. The transformation steps include
a  variety of cleansing activities and processing by filters, sorters,
groupers, and so on, all of which are organized into a  workflow
[35]. Cerovsek [36] claims that ETL tools are suitable for integrat-
ing  different data models. As  such, they could be useful in solving
the  interoperability problems of the AEC industry that were iden-
tified  by Grilo and Jardim-Goncalves [37] and Tegtmeier et al. [38].
Spatial ETL tools can integrate BIM data, information from Geo-
graphical Information System (GIS), performance data, and data
from  web  services to  create a  seamless information flow to sup-
port  urban planning and the design and construction of the built
environment [36,39,40].  However, the use of ETL in  the context
of  BIM has not been explored extensively. Isikdag [41] created a
BIM-oriented model for indoor navigation and used spatial ETL soft-
ware  to  validate the model’s interoperability with commonly used
GIS  file  formats. Carrión et al. [42] used spatial ETL to automati-
cally create a  virtual 3D city model that was used in conjunction
with  measured data to  estimate the energy use of buildings in  a
small test area in Berlin. Johansson et al. [43] adopted a  similar
approach to establish a  full scale 3D city model that was  used to
predict  the operational energy use of buildings served by a  district
heating  facility.

1.4. Research gap and research objective

Previous research on the applicability of BIM in  sustainable
design processes has paid little attention to assessing the embod-
ied energy based on the material EPDs as part of an  integrated
BIM-based design process. In addition, the potential of ETL tech-
nologies  to automate information exchange and overcome some of
the interoperability problems between BIM and LCA needs further
investigation. Because there is  considerable scope for reducing the
embodied  energy of buildings (and thus their total lifecycle energy
consumption) by making appropriate choices during the design
phase, the possibility to integrate analyses of embodied impacts
into  BIM-driven design processes should be investigated. The aim
of  this work is  therefore to develop a  framework that will enable
assessment of the embodied energy arising from the materials
supply chain (i.e. “cradle-to-site” embodied energy) in the build-
ing  design stage. The assessment is based on the materials’ EPDs
rather than industry-average databases in  order to ensure that the
framework can consistently compare how different materials and
components will affect the embodied energy of the building. A long
term  goal is for this framework to  serve as a platform to  support
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the development of an automated or  semi-automated process for
straightforwardly assessing a building’s embodied energy during
the  building design process. To this end, three key objectives were
identified:

• To  highlight the processes required to facilitate the use of EPDs
when evaluating the embodied energy.

• To  incorporate the embodied energy assessment procedure into
an  integrated BIM-based design process.

• To  test the potential of ETL technologies to facilitate automated
information exchange.

The proposed framework is  then implemented in a  prototype
which is applied in a case study to  test the framework’s applicability
in  mitigating the embodied energy use in the design phase.

The  paper is structured as follows: Section 2 presents the
research method, including the proposed framework and the devel-
oped prototype. In the Section 3, the applied case study along with
its  results and a discussion of  the results are illustrated. Finally, the
last  section concludes the framework’s applicability and highlights
limitations and the areas where further development is  required.

2.  Method

The method in this research includes (1) proposed frame-
work  (2) developed prototype. The proposed framework presents
the conceptual distinctions, required processes and the informa-
tion  flow for the assessment of embodied energy associated with
building materials supply chain, while the developed prototype
implements the framework and serves as a  tool for testing the
applicability of the framework in the case study.

2.1.  Proposed framework

A  framework for evaluating the embodied energy associated
with  the supply chain of  materials is  proposed. The framework
is  repeatable in nature and supports decision-making relating to
alternative designs and selection of material and components from
an  environmental perspective through design iteration (see  Fig. 1).

The framework features four main modules that are  used in  each
assessment. These modules are described below:

2.1.1. Database
The core module of the framework is  a  generic database that

contains all of the relevant data items, which are organized into
a  set of interacting relations with no need for reorganization dur-
ing  reassembly. Five relations within the database are used in the
assessment of the embodied energy, each of  which is discussed
briefly below:

• The EPD inventory provides data about the embodied energy and
environmental performance of different materials and compo-
nents  from different suppliers. At  present, most of  the EPDs for
materials and components are drawn from various open access
databases on the internet. However, the Functional Units (FUs)
used  in these EPDs are not standardized and may  therefore differ
significantly for materials or components of the same type that
have  been sourced from different suppliers. For example, the FU
for  a given type of insulation may  be 0.1 m3 from one supplier
and  0.035 m3 from another supplier. Therefore, EPDs are collected
from these open access databases and stored in a relation to estab-
lish  an EPD inventory that can be  used as a fundamental tool for
assessing the embodied energy. In addition, the environmental
performance data and embodied energy associated with the EPDs
must be normalized so that each example of a  given material or

component uses the same FU. While the main purpose with this
framework is  to facilitate assessments of the embodied energy,
the EPDs also include information on the embodied carbon and
other  environmental outcomes associated with the production of
the materials from cradle to  gate, so the framework could poten-
tially be extended to evaluate these environmental consequences
as  well.

• The Component Library (CL) contains predefined component
recipes, i.e. lists of the constituent materials for each component
of  the building and the quantities in  which they are used.

• The  Building Part Library (BPL) is  a  CL on a  larger scale: it contains
“recipes” for predefined building parts, i.e. lists of the components
required to construct each part. Each building part recipe can thus
be regarded as a collection of predefined component recipes, and
specifies the quantity of individual components required to build
the part in question.

Fig. 2 illustrates the data recorded in  the CL, BPL and the EPD
inventory.

As  shown in Fig. 2,  the database is dominated by Kind of struc-
tures.  The part of structures represent a set of classes in which each
class is  a  common denominator for a group of either building parts,
components or EPDs. Conversely, the Kind-of structure represents
different kinds of classes, which are the main constituents of the
stored relations in the database.

• Fuel provides information concerning the embodied energy and
environmental performance of different fuel types.

• Transportation modality (TM) provides data on various trans-
portation modes including their maximum load- and volume
capacities and the fuel consumption of each transport mode per
distance.

2.1.2. Integrated BIM & embodied design process
The proposed framework consists of an integrated BIM design

process  in which the composition of  the embodied recipes and the
building design can be developed and implemented in parallel with
each other. The term “embodied recipe” in this framework is  defined
as  the embodied energy, embodied carbon and/or environmental
impacts of an object (per 1 FU). An object represents either a  pre-
defined  building part or a predefined component, which can be
chosen from the BPL or CL of  the database, respectively. The embod-
ied  recipes are defined by means of three subprocesses, each of
which  starts with the selection of a building part or component
object  from the database. The selected object can then be sub-
stituted and modified to accurately represent the actual building
part and/or component associated with the design. For example,
if  a  predefined building part in the BPL has parameters differing
from the actual building part, its components can be  replaced with
new components using the CL in the database. Once the objects
have been satisfactorily modified, the user can define suppliers
and  attribute EPDs to either their constituent materials or  compo-
nents. The outcome of these three subprocesses is the creation of
a  set of embodied recipes that specify the “cradle-to-gate” embod-
ied energy (per 1 FU) for each of the objects. These embodied
recipes can be stored and identified with unique codes, which
are  subsequently utilized to classify the design object’s attribute
(components and building parts) in the BIM tool. This classification
will facilitate the extraction of the quantities associated with the
embodied recipes from the BIM tool.

2.1.3. Quantity take-off and tracking transportation distances
In  the proposed framework, the Extract Transform Load (ETL)

technology is used to  extract both the composed embodied recipes
and  the corresponding quantities from the BIM tool. However, the
quantities from the BIM tool can also be extracted using internal
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Fig. 1. The proposed framework for assessment of the “cradle-to-site” embodied impact.

Fig. 2.  An illustration of the kinds of data recorded in the BPL, CL and EPD inventory of the database.

Quantity Take-Off (QTO) functions in the BIM software or other
external QTO tools.

The distance between the suppliers and the construction site
is  also tracked automatically by an ETL process. Initially, the ETL
extracts  the data on the applied EPDs (or suppliers) as well as
the  quantities and volumes from the BIM model and the newly
composed embodied recipes. Once the relevant EPDs have been
identified, the suppliers’ manufacturing locations (which are stored
in  the EPD inventory) and the location of  the construction site
are  used to query an external map  web service application (API).
The  map  web service API calculates the transportation distances
from  each supplier to the construction site, and cycles recursively

through the ETL process to  extract estimated transportation dis-
tances for the entire supply chain from the map  web  service API.
Finally,  the calculated distances and the quantities and volumes
for  each applied EPD are used to assess the gate-to-site embodied
energy.

2.1.4.  Assessment of the “cradle-to-site” embodied energy
After the quantities from the BIM tool and the composed embod-

ied  recipes have been extracted through the ETL process, the
cradle-to-gate embodied energy can be estimated simply by linking
the  extracted quantities to the associated embodied recipes.
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The required number of transportations from each supplier to
the  construction site is  estimated using data concerning the mate-
rials’ volume capacity utilization factor (VCUF), which is obtainable
from the EPD inventory, as well as the total quantity and volume
of  each material and the maximum load and volume capacity of
the  selected transportation mode. The contribution of transporta-
tion  to the embodied energy can then be assessed from the required
number of transportations, the distance between each supplier and
the  construction site, the fuel consumption of the chosen transport
mode, and the embodied energy and environmental performance
of  the applied fuel.

2.2. Developed prototype

In  order to implement the framework and test its applicability in
reducing the energy use in the design process, a prototype is devel-
oped  and used to assess the embodied energy in  the applied case
study.  The prototype of the proposed framework uses Autodesk
Revit  as building design tool, the Feature Manipulation Engine
(FME) as the spatial ETL tool, Google Maps (GM) API as the map  web
service  API and Power Pivot for implementing the rest parts of the
proposed framework (i.e. “database”, “compose of the embodied
recipes” and “assessment of the ‘cradle-to-site’ embodied energy”),
see  Fig. 3. Power Pivot is an add-in to Microsoft Excel which enables
to  set up database models by creating a  connection to  different
data sources (such as Microsoft SQL, Excel files etc) and also pro-
vides  analytical capabilities by using data analysis expression (DAX)
language [44].

Hereupon, due to the prominent capabilities of Power Pivot in
setting up relational databases and performing data analysis, two
interfaces; database- and assessment interface, are developed in
the  Power Pivot. The database interface in the Power Pivot (see
Fig. 3) represents the generic database (module 1) of the pro-
posed  framework and as illustrated earlier, it includes 5 relations:
EPD  inventory, CL, BPL, TM and fuel. The assessment interface in
the  Power Pivot instantiates “compose of the embodied recipes”
(part of module 2) and “assessment of the cradle-to-site embodied
energy”  (module 4) of the proposed framework. These two inter-
faces  are linked to each other with the relations being defined using
primary- and foreign keys. The dashed arrows in Fig. 3 represents
the  relationships between these interfaces. Hence, the boxes in
which the dashed arrowheads refer to, are the primary relations
and  the boxes that the dashed arrows exit from, represent the for-
eign relations. These relationships enable the user to have access
to  the primary sources of data and simply select the required data
at  any stage during the evaluation. For instance, the relationships
involved for “compose of  the embodied recipes”, enable the user
to  simply select an object (predefined building part- or  predefined
component recipe) either from BPL- or CL relations and substitute
and  modify the objects by having access to different recipes stored
in  these two relations. Once the object is satisfactorily modified, in
order  to “compose the embodied recipe”, the user defines suppliers
and attribute EPDs to  either their constituent materials or compo-
nents (the relationship between the EPD inventory and CL enables
execution of this task). For a  detailed overview of the developed
interfaces in the Power Pivot see Appendix A: Power Pivot.

In  order to assess the cradle-to-site embodied energy in the
Power  Pivot, two external data are required: (1) the quantity of
each object from the Autodesk Revit (BIM tool), (2) The transporta-
tion distances between the suppliers to  the construction-site (see
module 3 of the proposed framework). In this prototype, each of
which data is processed and managed in  an automatic manner
into  the Power Pivot by use of  the spatial ETL tool FME (the solid
arrows in Fig. 3 represents these two data flow processes). Thereby,
2  workflows/algorithms are developed in FME, see Figs. 4 and 5.

The 1st workflow (see Fig. 4)  is used to automatically extract
the quantities of the objects from the Autodesk Revit, transform
and load the extracted quantities in the proper format to the Power
Pivot  application. The steps involved in the development of the 1st
workflow are as follows:

1  Quantity take-off object filtering: The BIM objects are first filtered
by  the “quantity take-off object filtering” algorithm based on fea-
ture  type (e.g. wall or door). This filtering enables the selection
of design objects under consideration.

2 ATTRIBUTE MANAGEMENT: In this step the unnecessary
attributes of the selected BIM object’s are removed.

3  AGGREGATION: the attributes are aggregated by object type and
the quantified objects are then exported to the Power Pivot.

The 2nd workflow is  developed in FME to track the trans-
portation distances between suppliers and construction-site in  an
automatic manner. This workflow consists of two  sub-processes
(see  Fig. 5)  in which first FME  extracts the address of each supplier
from the Power Pivot, and the construction site’s location from the
BIM  tool (the construction site’s location could also be entered man-
ually). These data were then transformed and used as inputs to the
GM  API, enabling it to track and calculate the transportation dis-
tances  from each supplier to  the construction site. Afterwards, in
the  second sub-process, the FME in a recursive cycle extracts the
estimated distances from the GM API, transfer and finally load in  a
proper  format into the Power Pivot for the final assessment.

As  Shown in Fig. 5,  the steps involved in  the development of the
2nd  workflow are as follows:

1  GEOCODING: The suppliers address attribute is sent to  the Googe
Maps API in order to get a geocoded point of the supplier’s loca-
tion.

2  VECTOR TO TABULAR: The geocoded point is transformed into
a  database table row that contains the supplier’s latitude and
longitude attribute.

3 UNCONDITIONAL JOIN: Each supplier’s location is  uncondition-
ally joined with the construction site location imported from the
BIM  model. This creates a  data set containing both the suppliers-
and  the construction site longitudes and latitudes.

4 HTTP CALLER: is  used to  call the Google Maps API homepage with
the  construction site and suppliers’ locations, the transportation
modality and the license key.

5  XML  TO TABULAR: Google Map  returns an XML file with sev-
eral  waypoints which is  transformed into a  suitable database
structure.

6  ATTRIBUTE MANAGEMENT: The waypoint attributes are
renamed, cleaned and the unnecessary attributes are removed.

7  AGGREGATION: The waypoints distance-and time data are
added, grouped and finally loaded into the Power Pivot for the
final  assessment.

For  a  detailed overview of the developed workflows in the FME,
see  Appendix B: Developed workflows.

3.  Applied case study

The prototype is  applied in a  case study to test the proposed
framework’s applicability as a decision support tool for mitigating
the  embodied energy from the supply chain in the design develop-
ment of a building. A  recently built low-energy house in the form of
semi-detached dwelling consisting of two  duplex apartments with
a  habitable surface area of 140 m2 is used in this test. The dwelling
is  located in the municipality of Kiruna in northern Sweden, which
has  a  subarctic climate (see Fig. 6). The main active energy system
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Fig. 3.  An overview of the developed prototype of the proposed framework.

Fig. 4. The developed workflow in the FME  for extraction of the quantities from BIM tool.

Fig. 5. The developed workflow in FME  for tracking the transportation distances.
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Fig. 6. The semi-detached built dwelling and its location.

in each apartment is  an air handling unit that is  equipped with an
air  to air heat exchanger with 89% efficiency and a  heating coil con-
nected to the district heating grids. In addition to the air  handling
units,  photovoltaic cells are located on the wall faç ades facing south
and east to directly convert sunlight into electricity.

The design of the dwelling’s external wall was utilized as the
test case (see Fig. 7). The wall’s thickness was held constant and a
range  of different scenarios based on the use of alternative insu-
lation materials from different suppliers were evaluated to  assess
the  proposed framework’s applicability.

As shown in Fig. 7,  the main wall of the built dwelling con-
sists  of 2 isodiametric layers of polyisocyanurate (PIR) insulation,
each of which is 70 mm thick. The thermal conductivity of the PIR
insulation is lower than that of conventional insulation materials
such  as mineral wool (MW).  Consequently, PIR insulation per-
forms better than these insulation materials in terms of operational
energy. However, its content of embodied energy is  higher than
conventional insulation materials. Therefore, the aim of the case
study  was to compare the total change in  embodied and opera-
tional  energy caused by replacing the PIR insulation layers of the
dwelling’s wall with alternative insulation materials from different
suppliers. Hypothetical suppliers were defined for each material
considered in the case and the insulation materials and suppliers
were  selected to cover all the applicable, verified and registered
insulations in the three core- and International EPD databases (Nor-
wegian EPD foundation [45],  the international EPD system [46] and
German institute of construction and environment (IBU) [47]). In
order  to create a logical hypothesis and reasonable evaluation, only
the  European manufactured insulations which were applicable in
the  timber frame walls were selected and thus, insulation materials
such as expanded-and extruded polystyrene insulations (EPS and
XPS)  as well as vacuum insulation panels (VIP) were not considered
as  alternative insulations since these materials are  not applicable
in  the timber frame walls.

In total, nineteen scenarios were evaluated. The base or  refer-
ence  scenario is the case in  which the wall is  constructed with the
PIR  that was actually used. The first and second scenarios assume
the  use of PIR insulation from different suppliers to that for the base
scenario. In the other seventeen scenarios, the 2 isodiametric PIR
insulation layers are replaced with either glass wool (GW) or rock
wool (RW) from various suppliers. Table 1 provides details of the
nineteen alternative scenarios and the base case. Since the suppli-

ers of the other constituent materials of the external wall were the
same in  all scenarios, they are not discussed further.

3.1.  Assessment of the embodied- and operational energy

The  embodied energy associated with the case study was
assessed by utilizing the developed prototype illustrated earlier in
sub Section 2.2. The differences in  operational energy use between
each scenario were investigated by using a  dynamic multi-zone
simulation model implemented in IDA ICE [48].  To make the results
comparable, all of the scenarios were simulated in  an identical
environment using the properties of the actual built dwelling (i.e.
thermal bridges, ground properties, infiltration, pressure coeffi-
cient, average climate data, HVAC system, etc.). Conversion factors
were  used to convert the estimated delivered energy (secondary
energy) for each scenario into operational energy (non-renewable
primary energy) and associated GHG emissions. These factors were
provided by the Tekniska Verken in  Kiruna AB (the company in
charge of Kiruna’s district heating plants). The reported environ-
mental  analysis for district heating production by  Tekniska Verken
in  2014 declares a primary energy factor of 26% and approximately
120.35  g CO2 equivalent emissions for the production of 1 kWh  of
heat; this figure includes all emissions from production, combus-
tion and transportation. The contribution of the non-renewable
primary energy (NRPE) to  the primary energy associated with the
district heating production is also estimated to be  26% (see Table 2).

3.2.  Result

All of the scenarios were assessed on the basis of the parameters
presented in  Table 3.

From an energy perspective, the “cradle-to-gate” assessments
indicated that using GW or  RW as the insulating material rather
than PIR significantly reduced the building’s embodied energy (see
Fig. 8). The first and second scenarios (in which the actual PIR insu-
lation was  replaced with alternative PIR materials sourced from
Belgium and Germany) provided only a  minor reduction in embod-
ied  energy (5.2 and 4.1 GJ, respectively); the highest reduction (71.5
GJ)  was  achieved in the 8th and 18th scenarios, in  which the PIR
insulation was  replaced respectively with glass wool from Denmark
and  rock wool from Norway. The “gate-to-site” embodied energy
increased in  the 2nd, 16th and 17th scenarios due to the longer
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Fig. 7.  A 2D cross-sectional drawing of the main wall structure in the built dwelling.

Table  1
The base scenario and the hypothetical scenarios considered in the case study.

Scenario Material Manufacturing location Thermal conductivity (W/m.K)

Base (Initial material) PIR Belgium (Desselgem) 0.023
1st  PIR Belgium (Brussels) 0.023
2nd  PIR Germany (Stuttgart) 0.026
3rd  GW Belgium (Vise) 0.035
4th  GW Belgium (Vise) 0.032
5th  GW Belgium (Vise) 0.032
6th  GW Germany (Ludwigshafen) 0.035
7th  GW Czech republic (Krupka) 0.035
8th  GW Denmark (Vamdrup) 0.037
9th  GW Norway (Askim) 0.035
10th  GW Sweden (Billesholm) 0.035
11th  RW Belgium (Vise) 0.037
12th  RW Belgium (Vise) 0.035
13th  RW Belgium (Vise) 0.035
14th  RW Germany (Sankt egidien) 0.035
15th  RW Germany (Gladbeck) 0.035
16th  RW Slovenia (Skofja Loka) 0.039
17th  RW Slovenia (Skofja Loka) 0.035
18th  RW Norway (Trondheim) 0.037
19th  RW Sweden (Hällekis) 0.035

Table 2
Distribution of energy sources for heat generation supplied to  Kiruna’s district heating plant, and the corresponding NRPE contributions to the primary energy during 2014.

Supplied energy source Proportion of  the total supplied
energy source (%)

NRPE Conversion Factor Contribution of the supplied
energy source to the total NRPE (%)

Oil 2.2 1 2.2
Household  hazardous waste 39.7 0.31a 12.3
Industrial  waste 21.4 0.38a 8.1
Wood  chips 12.6 0 0
Peat  2 1 2
Electricity  2.7 0.53b 1.4
Waste  heat from industry 12.5 0 0
Flue  gas condensation 6.9 0 0
SUM  100 – 26

a Swedish Environmental Protection Agency. Hänvisningsvärden som publicerats av  naturvårdsverket enligt artikel 31.1 c i kommissionens förordning (EU) 601/2012
[reference  values published by  the swedish environmental protection agency under article 31.1 c commission regulation (EU) 601/2012]. http://www.naturvardsverket.se/
upload/miljoarbete-i-samhallet/miljoarbete-i-sverige/utslappshandel/referensbibliotek/hanvisningsvarden-utslappshandel-publicerade-konstanter-enl-art-31-punkt-1c-
121108.pdf. Updated 2012. Accessed December/5, 2015.

b Vattenfall. [Elens ursprung och miljöpåverkan [origin of electricity and its  environmental impact]. http://www.vattenfall.se/sv/elens-ursprung.htm. Updated 2014.
Accessed  December/5, 2015.

transportation distances in these cases, which had a counterpro-
ductive effect on the total embodied energy relative to the other
considered scenarios. Although the RW in  the 18th scenario was
manufactured in Norway, the “gate-to-site” embodied energy for

this scenario was significantly lower than in  other cases due to the
short distance between the site of manufacture and the construc-
tion  site. In  all scenarios except the first one, the operational energy
increased in parallel with the thermal conductivity of the insulation
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Table  3
Parameters considered when assessing the scenarios.

Parameter Value

Waste factor 6% for all the insulation materials
Fuel  type, consumption of vehicle and the
vehicle used for the road transport

Diesel, 38  L consumption for 100 km,  truck (32 ton)
Embodied energy of diesel =  32.5a (MJ/L)
CO2 emission from diesel consumption =  2.62b (kg/L)

Fuel  type and impact for coastal transport Diesel, coastal shipping
Average embodied energy =  0.27c (MJ/t km)
Average CO2 emission =  0.061d (kgCO2e/t km)

Capacity  utilization (including empty return) 100% of the capacity in volume
30% in the empty return

Volume  capacity utilization factor for all insulating materials 1
Lifespan  of the dwelling 50 years

a O’Brien A, Carley S, Loveridge F, Hsu Y. Innovative use of clay backfill at the new wembley stadium. 2007.
b Ecoscore. How to calculate CO2 emission level from fuel  consumption? http://www.ecoscore.be/en/how-calculate-co2-emission-level-fuel-consumption.  Updated 2015.

Accessed  November/1, 2015.
c Embodied energy of building materials. https://upstyleindustries.files.wordpress.com/2014/08/materiallife-embodied-energy-of-building-materials.pdf.  Updated 2013.

Accessed  November/1, 2015.
d European Environmental Agency. Energy efficiency and specific CO2 emissions. http://www.eea.europa.eu/data-and-maps/indicators/energy-efficiency-and-specific-

co2-emissions/energy-efficiency-and-specific-co2-5.  Published 24 Jan 2013. Updated 2015. Accessed November/1, 2015

Fig. 8. Results of the energy assessments. Minus signs indicate energy savings or reductions while plus signs indicate increased energy use relative to the base case.

materials. The smallest increase relative to the base case occurred
in  the 2nd scenario (PIR insulation from Germany) and the largest
in  the 16th scenario. When considering the total energy change
over  50 years, the greatest savings were achieved under the 18th
and  19th scenarios, which yielded reductions of 93.3 and 85.1 GJ
relative to the base scenario, respectively.

From a global warming perspective, the embodied carbon asso-
ciated with the “cradle-to-gate” and “gate-to-site” phases exhibited
a  broadly similar trend to the embodied energy, yielding a  “modest-
to-significant” reduction of the building’s carbon footprint (see
Fig. 9). The reduction of “cradle-to-site” embodied carbon was
largest for the two materials/suppliers from Norway (i.e. 9th and
18th  scenarios), both of which reduced CO2 emissions by  approx-
imately 5 tons relative to  the base. In all scenarios, the carbon
footprint associated with the operational phase increased more
markedly than the non-renewable operational energy use. The
difference between embodied energy use and embodied carbon
emissions was especially pronounced for 14th, 16th and 17th sce-
narios. Although a significant amount of life cycle energy was  saved
in  these scenarios, the overall carbon emissions actually increased,
mainly due to a higher embodied carbon emission associated with

the production of the RW in these scenarios compared to the other
RW  suppliers. However, it should also be noted that for the 16th
scenario, the increased emissions due to the district heating dur-
ing  the building’s operation have also a  significant impact on the
overall carbon emissions. In summary, the 9th and 18th scenarios
achieved the greatest reductions in CO2 emissions relative to the
base scenario.

3.3. Discussion

Glass wool is mainly produced from recycled glass at about
700 ◦C while rock wool is  manufactured from melted stone material
at a  higher temperature, (∼1700 ◦C). Consequently, the embodied
energy associated with the production of the rock wool is  gener-
ally  assumed to  be higher than that for glass wool [49]. However,
rock wool is typically more fire resistant than glass wool due to its
greater melting point. As  such, it may  be difficult for purchasers
to  decide whether to priorities fire resistance or  the minimiza-
tion  of embodied energy. The results of the case study contradict
the  general assumption that glass wool outperforms rock wool in
terms  of embodied energy −  for example, compare the results for
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Fig. 9. Carbon footprint assessments. Minus signs indicate carbon savings or reductions in CO2 emissions while plus signs indicate increased CO2 emissions.

scenarios 4 and 13 (GW and RW from Belgium), 9 and 18 (GW
and  RW from Norway) as well as 10 and 19 (GW and RW from
Sweden) in Fig. 8.  The results also indicate that the “cradle-to-gate”
embodied energy for a given type of material can vary significantly
depending on the supplier, as demonstrated by comparing scenar-
ios  4 and 8 (GW from Belgium and Denmark), 14 and 18 (RW from
Germany and Norway) as well as 17 and 18 (RW from Slovenia and
Norway). Excluding the hot water demand and the household and
operating electricity, the difference between the “cradle-to-gate”
embodied energies for these aforementioned scenarios using the
same  kind of insulating material is  equivalent to roughly 5 years
of  the operational energy use for heating the dwelling. It  was also
observed that the rock wool manufactured abroad (in Norway; sce-
nario  18) performed better than locally produced materials from
Sweden (scenarios 10 and 19) with respect to “gate-to-site” embod-
ied  energy and embodied carbon. This was mainly due to  a  shorter
gate-to-site distance in the former case. The applied energy supply
system also has significant effects on both the energy use and the
GHG  emissions associated with the dwelling’s operational phase.
However, the case study indicated that although the operational
phase was the dominant source of lifetime GHG emissions for the
building, it was not so dominant with respect to the total energy
consumption. This was because a significant proportion of the heat
generated at the Kiruna’s district heating plant comes from the
combustion of hazardous household and industrial waste, which
has  a comparatively low content of non-renewable primary energy
relative to the amount of CO2 emitted. Overall, the total carbon
footprint reduction for the 9th, 10th, 18th and 19th scenarios was
equivalent to more than one year of CO2 emissions during the
dwelling’s operational phase, excluding electricity and hot water
consumption (which are  estimated to account for around 1.5 ton
equivalents of CO2 emissions annually). However, the use of green
energy supply systems is  not only restricted to  the impact of the
operational phase but can also affect the material production. Dis-
regarding the variety of processes and mechanisms that can be used
to  produce materials at the suppliers’ facilities, the use of energy
from  greener sources in manufacturing can enable suppliers to  sig-
nificantly reduce the embodied impact of their products.

4. Conclusions

A framework for assessing the embodied energy in a building
materials supply chain was proposed and evaluated by the use
of  a developed prototype in a  case study. Several aspects of the
framework made it possible to create a semi-automated process
for  assessing the embodied energy during the design development
phase of a building’s life cycle, including:

1  The predefined recipes, which are  stored in a  generic database
and  linked to the inventory of the material EPDs. This facili-
tates  the creation of embodied recipes containing the embodied
energy and impact of each object used in  the construction of the
building (or building component) of interest.

2  An integrated BIM process that incorporates the composed
embodied recipes into the BIM tool by classifying the BIM object’s
attributes, facilitating the extraction of quantities from the BIM
tool  and their attribution to  the associated composed embodied
recipes in  order to enable the final assessment.

3  An automated ETL process that serves as a  core for processing
and  integration of BIM and EPD data throughout the evaluation,
automating the tracking of distances between suppliers’ facilities
and  the construction site as well as the quantity take-off from the
BIM  tool.

The framework utilizes the ETL technology to overcome the
interoperability problem for managing the BIM data towards sus-
tainability analysis in order to reduce the amount of time, effort and
the  risk of mistakes caused by the manual re-entry of the BIM data
into the LCA tools. The use of ETL technology to ensure BIM-LCA
interoperability is  therefore one of the major contributions of this
paper as its use is overlooked to  a major extent in the context of BIM
and also among the prior BIM-LCA approaches that aimed to  ensure
BIM-LCA interoperability. The framework also uses EPDs as sources
of  verified product-specific data that provide consistent informa-
tion on the environmental performance of specific materials from
different suppliers. The use of EPDs makes it possible to select mate-
rials with low embodied impacts during the design development
of  buildings and to use environmental performance as a  selection
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criterion during procurement in conjunction with or  in place of
other criteria such as costs. The widespread use of this framework
or  related tools would publicize the relative environmental costs
of  different materials, potentially increasing competition between
suppliers as well as legal and public pressure to offer more eco-
efficient materials and adopt green supply chain management.
Moreover, the framework provides some insights into the impact
of  transportation on embodied energy, which can be used during
material selection. This is important because the results of the case
study clearly showed that the use of locally sourced materials does
not  necessarily reduce embodied impacts, and that it is important
to  consider both the distance over which materials are transported
and their mode of transportation when assessing their environ-
mental impact. Overall, the proposed framework was found to  be a
powerful and useful decision support tool for assessing and reduc-
ing  the embodied energy associated with materials supply chains
during  the design development of buildings.

It should be noted that at present, most EPDs stored in open
access databases exist in PDF format. The lack of a  properly stan-
dardized format for EPDs (for example in XML and/or IFC) limits
the  scope for automatically storing new EPDs in the database. This
problem could be overcome by the universal adoption of a  superior
standard format for EPDs or via improvements in  ETL technology.
Regardless, the limitation created by the lack of standard format
was apparent during the prototype development as well as the case
study evaluation: it was necessary to manually enter all informa-
tion  from the EPD PDF-documents into the Power Pivot database
which  resulted that the assessment process could not be fully auto-
mated. With respect to transportation, there are several parameters
that could potentially have important effects on the “gate-to-site”
embodied energy and embodied carbon, including traffic condi-
tions,  road infrastructure, the characteristics and energy efficiency
of  the chosen transportation mode (i.e. vehicles, trains, or ships),
driving behavior, and the real share of empty running based on the
next  loading point. Many of  these parameters are not accounted
for  in the proposed framework and were thus not considered dur-
ing  the case study. However, the framework uses a generic database
that  could readily be extended to enable more accurate assessments
of  the embodied energy and GHG emissions associated with trans-
portation if suitable data were collected. For  instance, information

about the characteristics and energy efficiency of different trans-
portation modes (e.g. different truck and/or vessel types) could be
obtained from vehicle manufacturers and added to the database so
that  these issues could be  accounted for when assessing impacts
due  to  transportation.

The scope for considering embodied impacts during the design
phase can also be  influenced by the project delivery system. The
framework presented herein is probably easier to implement in
a  design-build contract system, in which a  single contractor is
responsible for both the design and the construction process. This
would make it easy for the contractor to investigate alternative
materials and designs in  order to determine how each would
affect the embodied energy. Conversely, in design-bid-build project
delivery systems, the design is  drawn up in  advance by archi-
tects  and engineers before a contractor is recruited. Although there
appears to be less scope for investigating alternative designs under
such  a  system, the proposed framework can still be  used to select
more environmentally friendly materials from different suppliers
if  the design is  not affected. The exploratory nature of this study,
therefore requires further research to  validate the findings in real
construction projects in order to  consolidated a methodology for
embodied impact assessment based on the proposed framework
to  be applied in the construction industry. For industrial applica-
tions, the prototype needs also further development in  order to
simplify the exchange of information between the BIM and the LCA.
This  study do not cover the embodied impact associated with the
on-site construction processes and neither the procurement costs.
Therefore, the future studies may  expand the framework in order to
address the embodied impact caused by construction-site as well
as  the trade-off between cost and environmental strategies.
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