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 Abstract   
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Abstract 

Access to data of our built environment in national, regional and local 
databases makes it possible to generate models of our urban systems to 
facilitate visualization and analysis of indicators in order to enhance awareness 
of sustainability dimensions. The purpose of the research this thesis is based 
upon was to investigate how spatial Extract, Transform and Load (ETL) 
technologies can support the development of performance models with the 
specific aim to propose methods for the development, visualisation and 
analysis of urban systems.   

The research design was based on an iterative approach inspired by system 
development involving cycles of theoretical suggestions, empirical observation 
and analysis that is repeated in six studies. Three of the studies dealt with the 
relocation of Kiruna city centre where models of the city was used to 
investigate the impact of mining subsidence on energy supply, infrastructure 
and buildings. A method to assess the embodied energy arising from the 
materials supply chain in the building design stage was developed and tested in 
case four. The fifth case, related social aspects to geographical locations of the 
respondents in an urban model of the twin towns Malmberget/Gällivare based 
on attitudes from a survey and public data on population, infrastructure and 
built environment. The final case focused on energy conservation measures in 
renovation of the multifamily building stock in Sweden. Performance models 
and maps on various levels of scale were developed using performance metrics 
of energy use, information on ownership and socio-economic status of 
residents.  
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The results show that spatial ETL technology: 

 Provides highly suitable methods for the development, visualisation and 
analysis of performance models of urban systems,  

 Offers methods for customizing information deliveries “on the fly” 
using original data sources according to defined requirements. The 
flexibility and customization are kept in the process rather than in the 
delivered model.  

Quality inspection and geospatial validation of any spatial ETL processes used 
are important for the credibility of performance models. During development, 
triangulation and visual inspection of spatial and non-spatial joins and 
aggregation of information extracted from multiple data sources can be used to 
check intermediate results produced by the ETL workbench. The performance 
models and aggregated maps should be visually inspected for errors. The 
spatial representation of sample indicators can be validated against the 
population using spatial grids (in this case Statistics Sweden’s demographic 
grid). 

 

 

 

 

 

 

 

 

 

 

Key words: ETL technology, performance models, urban systems, Geographic 
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Sammanfattning 

Tillgång till data i nationella, regionala och lokala databaser gör det möjligt att 
generera modeller av våra urbana system för visualisering och analys av 
indikatorer och prestandamått för att öka medvetenheten om 
hållbarhetsdimensionerna. Syftet med forskningen i denna avhandling är att 
undersöka hur spatial ETL (Extract, Transform, Load) teknik kan stödja 
framtagningen av prestandamodeller med målet att föreslå metoder för 
utveckling, visualisering och analys av urbana system. 

Forskningsdesignen är baserad på en iterativ systemutvecklingsmetod där teori, 
metodutveckling, empiriska observationer och analys upprepades i sex 
fallstudier. Tre av studierna handlade om omlokalisering av Kiruna centrum på 
grund av gruvbrytning, där modeller av staden användes för att undersöka 
effekterna av på energiförsörjning, infrastruktur och byggnader. En metod för 
att analysera inbyggda energi som härrör från tillverkning och transport av 
material till byggplats utvecklades i fallstudie fyra. I den femte fallstudien 
utvecklades en stadsmodell av Malmberget/Gällivare där sociala 
hållbarhetsindikatorer baserade på enkätundersökning visualiserades och 
analyserades. Den sista fallstudien utvecklade en energi- och renoveringsatlas 
över flerbostadsbeståndet i Sverige. Modeller, kartor och sammanställningar 
utvecklades som presenterar prestandamått på energianvändning, uppskattning 
av renoveringskostnader, ägandeformer och socioekonomisk status i 
bostadsområden. 

Resultaten visar att spatial ETL teknik: 

 kan med fördel användas för utveckling, visualisering och analys av 
prestandamodeller av urbana system, 



PERFORMANCE VISUALIZATION OF URBAN SYSTEMS 

IV 

 erbjuder metoder som kan sammanställa och anpassa 
informationsleveranser "on the fly" från olika datakällor. Flexibilitet 
och anpassning sker i ETL processen i stället för i den levererade 
modellen. 

Kvalitetskontroller och rumslig valideringen av spatiala ETL processer är 
viktiga för trovärdigheten av genererade prestandamodeller. I utvecklingsfasen 
bör triangulering och visuell kontroll göras av olika transformeringar för att 
kontrollera mellanresultat som produceras av ETL processen. Prestanda 
modeller och aggregerade kartor bör också granskas visuellt för fel och data 
som fattas. Den spatiala representationen av urval bör om möjligt valideras mot 
populationen t ex genom att använda SCB demografiska raster. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nyckelord: ETL teknik, prestanda modeller, urbana system, geografiska 
informationssystem, byggnadsinformationsmodeller. 
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Abbreviations 

BIM Building Information Model(ling) 
BOA Bostadsarea (Residential floor area) 
CAD Computer-Aided Design 
CityGML City Geography Markup Language 
COLLADA COLLAborative Design Activity 
CSV Comma-Separated Value 
DBMS Database Management Systems 
DW Data Warehouse 
DXF Drawing eXchange Format 
EC European commission 
EPC Energy Performance Certificate 
ESRI Environmental Systems Research Institute 
ETL Extract, Transform and Load 
FME Feature Manipulation Engine 
Geotiff GEOTagged Image File Format 
GIS Geographic Information System 
GML Geography Markup Language 
GPS Global Positioning System 
GPX GPS Exchange Format 
HTML HyperText Markup Language 
IFC Industry Foundation Classes 
IoT The Internet of Things  
KML Keyhole Markup Language 
KMZ KML that is compressed (zipped) 
LIDAR Light Detection And Ranging 
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LKAB Luossavaara-Kiirunavaara Aktiebolag (mining company) 
LOA LOkalArea (non residential floor area) 
LOD Level Of Detail 
LOS Level Of Scale 
MIF MapInfo Interchange Format 
OGC Open Geospatial Consortium 
OLAP On-Line-Analytical-Processing 
PDF Portable Document Format  
PPGIS Public Participation Geographic Information System 
RVT Autodesk Revit Architecture project file 

RVZ 
Autodesk Revit Architecture project file zipped and exported 
to FME 

SABO 
Sveriges Allmännyttiga Bostadsföretag (Public housing 
organisation) 

SCB Statistiska Centralbyrån (Statistics Sweden) 
SHP Shapefile 
SIREN Sustainable Integrated Renovation research network 
SQL Structured Query Language 
STA Swedish Transport Administration  
TVAB Tekniska Verken i Kiruna AB (district heating company ) 
TXT Text-file 
U3D Universal 3D 
UN United Nations 
VDC Virtual Design and Construction  
VRML Virtual Reality Modeling Language 
X3D Extensible 3D Graphics 
XLS Microsoft Excel file format 
XML Extensible Markup Language 

 

 



 INTRODUCTION   

  1 

1 INTRODUCTION 

This chapter provides the background, problem formulation and research gap 
of the thesis. Then the purpose, the aim and research questions are stated 
followed by a list of appended papers and authors contributions. The chapter 
ends with a list of other publications that have been published during my 
research journey.   

1.1 Background 

Rapid urbanisation of the world poses a major challenge for our society. 
According to projections by the UN (2015) 66% of the global population will 
be urban by 2050, an increase of more than 30% since 1950 (United Nations, 
2014). The planning, construction, management and use of our urban 
environment are affected by diverse social, economic and environmental 
factors.  Sustainable urban development is dependent on understanding the 
complex relations and interactions between the built environment, changes in 
social activities that take place over time and the natural environment. Urban 
planners and other stakeholders in construction face the problem of balancing 
environmental values and social justice while promoting economic growth 
(Campbell, 1996). Currently, there is a consensus among scientists and most 
politicians that unsustainable changes in the global climate are occurring 
(Burkett et al., 2014), driven by excessive human consumption of economic 
and environmental resources (Gifford et al., 2011). According to Rockström et 
al. (2009) our civilisation has already violated three of nine defined planetary 
boundaries for sustainable operation. 

Rotmans (2000) presented an integrated planning approach, combining the 
economic, socio-cultural and environmental capital to strengthen sustainable 
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development in European cities. Nevens (2013) proposed urban transformation 
labs for learning new governance structures for the design, analysis, monitoring 
and evaluation of new pathways to enhance the sustainable development of 
urban systems. In this context, transformation of an urban system is defined as 
the interaction between the natural environment, the built environment and the 
society, see Figure 1.1. 

 

Built
Environment

Buildings
Transport

Energy, Water & Sewage

Society
Human wellbeing

Economy
Governance

Natural
Environment

Environmental impact
Climate change

Depletion of resources

Energy & Resources

Waste & Emissions

URBAN SYSTEM

 

Figure 1.1: Transformation of urban systems, adapted from Yang (2010). 

The development of a sustainable urban system is strongly dependent on 
involvement of the public, social organizations and private enterprises (Arias et 
al., 2000; Steinmann et al., 2004). If key stakeholders are involved in early 
stages, it is possible to create a sense of ownership of the plans and reduce risks 
of potential conflicts Brody et al.(2003). Collaboration enhances the 
transparency of democratic processes involving different stakeholder groups in 
public-financed urban transformation projects (Flyvbjerg, 2007; Healey, 1997; 
Rittel and Webber, 1973) 

The challenges associated with understanding urban systems on both local and 
global scales have inspired researchers and national agencies to develop 
sustainability indicators to support the planning, construction, management and 
use of the built environment (Alberti, 1996). Ideally, sustainability 
performance indicators should provide decision-makers, planners and designers 
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with all the information they require to design more sustainable buildings, 
districts, infrastructure and urban systems. Numerous indicators, varying in 
both scope and geographic scale, have been proposed to meet diverse social, 
economic, environmental needs (Sharifi and Murayama, 2013). Appropriate 
monitoring of such indicators should provide feedback for citizens and prompt 
modifications of their behaviour that enhance sustainability (Alberti, 1996). 
However, indicators designed for use at the national scale are not readily 
applicable for decision-makers and citizens wishing to promote local 
sustainability (Mitchell, 1996). In contrast, local indicators and city-centric 
measurements need to be complemented with indicators of social equity and 
global environmental impacts to capture the broader dimensions of urban 
sustainability (Wachsmuth et al., 2016). 

Directives such as 2007/2/EC INSPIRE (Infrastructure for Spatial Information 
in the European Community) have increased the accessibility of data regarding 
the built environment in Europe (Gunay et al., 2014). Services in national, 
regional or local web portals offer information, often free of charge to 
registered users, asking only for proper citation of the source when content is 
used in applications or reports (Ganning et al., 2014). This information is often 
used to develop maps and models of performance indicators for assessing 
urban systems using Geographic Information Systems (GIS) (Sherrouse et al., 
2011; Sousa et al., 2003; Tyrväinen et al., 2007; Crosby et al. 2013) and to 
assist planners and decision-makers to communicate urban plans with the 
public (Yin and Shiode, 2014). 

1.2 Problem formulation and research gap 

GIS applications require domain experts to extract and aggregate data from 
different sources required for the modelling work (Krämer and Stein, 2014). 
Information tends to be communicated to community stakeholders who lack 
access to these GIS technologies in the form of documents and maps (Barton et 
al., 2005). This process is often time-consuming and prone to error (Mangold, 
2016), hindering the development, use and wider application of urban 
performance models. In addition, indicators, locations or scales of models 
rapidly become out-of-date when source data and alternatives change. 
Moreover, differences in format pose challenges regarding the interoperability 
of information extracted from the numerous sources of data used in the 
modelling process (Grilo and Jardim-Goncalves, 2010; Karan and Irizarry, 
2015; Tegtmeier et al., 2009).   
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Thus, better methods are needed to develop and distribute performance models 
of urban systems on both local and global scales to support more sustainable 
planning, construction, management and use of our built environment (Gifford 
et al., 2011; Nevens et al., 2013). A promising option is Extract, Transform and 
Load (ETL) technology, used in data warehousing for business intelligence, 
which is suitable for establishing repeatable automated processes to extract and 
transform data from multiple heterogeneous data sources (Bimonte et al., 
2014a; Kimball and Caserta, 2004). The transformation steps include various 
cleansing activities and processing by filters, sorters, etc, organized in a 
workflow loading the transformed data to databases or target applications ready 
for use (Karagiannis et al., 2013). 

Research on ETL technology and its applications has increased in recent years 
(see Figure 1.2), especially in computer science. It has been more limited in 
other fields, but some research on spatial ETL technology has been conducted 
in applications of energy use, facility management and urban planning, 
including the following studies. Carrión et al. (2010) used spatial ETL methods 
to estimate the energy use of buildings in a small test area in Berlin. Isikdag et 
al. (2013) created a building information model (BIM)-oriented model for 
indoor navigation, and used spatial ETL software to validate the model’s 
interoperability with commonly used GIS file formats. Kang and Hong (2015) 
developed a “BG-ETL” method for integrating BIM into a GIS-based facilities 
management system. Gökçe and Gökçe (2013) used ETL as part of a holistic 
architecture for energy efficient building operations. The same authors also 
subsequently created a multi-dimensional monitoring, analysing and 
optimisation system for a building consisting of a data warehouse and ETL tool 
(Gökçe and Gökçe, 2014). Kang and Choi (2015) used ETL for developing a 
BIM database connected with facility management using ETL, considering 
both variability and expandability from a user perspective. 
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Figure 1.2: Distributions by fields of science (left) and publication year 
(right) of 177 publications on ETL methods, published between 
2003 and 2017, extracted from the Web of Science database. 
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An automated model creation and updating process can accelerate the work 
and improve both updating speed and accuracy (Krämer and Stein, 2014), 
while methods for developing automated ETL-supported models can facilitate 
the updating, sharing and customization of models for different purposes 

1.3 Purpose, aim and research questions 

The purpose of the research this thesis is based upon was to investigate how 
spatial ETL technologies can support the automation of urban performance 
models. The aim was to propose methods for the development, visualisation 
and analysis of performance models of urban systems. More specifically, three 
research questions (RQ) were formulated and addressed.  

The first deals with the E(xtraction) of data from multiple heterogeneous 
sources in the ETL process:  

RQ1. How can spatial and non-spatial information be extracted and 
combined? 

The second question deals with the T(ransformation) step in the ETL process; 
the filtering, construction  and quality checking of performance indicators for 
the purpose of the analysis:  

RQ2. How can the extracted information be transformed and quality 
assured? 

The third and final research question concerns the L(oad) step in the ETL 
process; the creation of output data, i.e. models and aggregated information for 
the visualization and analysis of performance indicators of urban systems:  

RQ3. How can performance models of urban systems be loaded and 
used? 

1.4 Appended papers and authors’ contributions 

These papers (1-5) are referred to in the text by the corresponding numbers. 

Paper 1: Johansson, T., Hartmann, T., Jongeling, R. and Olofsson, T. (2012) 
Development of 4D public participation GIS to improve communication of city 
transformation processes. Proc. 2012 Construction Research Congress 2012: 
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Construction challenges in a flat world, May 21-23, 2012, West Lafayette, 
Indiana. 

I formulated the main idea regarding the 4D public participation GIS, collected 
and analyzed the data, and (jointly with Timo Hartmann) created the theoretical 
framework and did most of the writing. The other authors provided feedback 
and proposed improvements.  

Paper 2: Johansson, T., Vesterlund, M., Olofsson, T., and Dahl, J. (2016). 
Energy performance certificates and 3-dimensional city models as a means to 
reach national targets – a case study of the city of Kiruna. Energy Conversion 
Management, 116, 42–57. 

I developed the energy model and did most of the writing in collaboration with 
Thomas Olofsson. Mattias Vesterlund provided data on energy use and 
estimates of energy savings under developed scenarios. Jan Dahl reviewed and 
provided feedback on the final manuscript.  

Paper 3: Johansson, T., Segerstedt, E., Olofsson, T., and Jakobsson, M. 
(2016). Revealing social values by 3D city visualization in city 
transformations. Sustainability 8, 195, 1-17. 

All authors initially discussed the idea of the paper. Eugenia Segerstedt 
developed the social sustainability framework and statistically prepared 
variables for visualization based on survey data she produced with Mats 
Jakobsson. I was responsible for the development of data integration processes, 
survey geovalidation and all the modelling work, analysing the data (with 
Eugenia Segerstedt), conceptualization and writing of the final version of the 
article, and subsequently reviewing it with Thomas Olofsson (who was also 
involved in various stages of the work). 

Paper 4: Shadram, F., Johansson, T., Lu, W., Schade, J. and Olofsson, T. 
(2016) An integrated BIM-based framework for minimizing embodied energy 
during building design. Energy and Buildings 128: 592-604. 

Farshid Shadram wrote most of the paper. I wrote the Extract, Transform and 
Load (ETL) technology section, integrated the ETL technology and BIM, and 
the tracking of supply chain transports, in development of the prototype 
framework. Farshid Shadram implemented the case study and Weizhuo Lu, 
Jutta Schade and Thomas Olofsson reviewed the work throughout the study. 
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Paper 5: Johansson, T., Olofsson, T. and Mangold, M. (2016).The 
development of an energy atlas for the renovation of the multifamily building 
stock in Sweden. Submitted to Applied Energy. 

I initially discussed the idea of the paper with Mikael Mangold, who had 
developed a model for estimating renovation costs based on the value year of 
properties. I also developed the ETL framework for generating an energy and 
renovation atlas of the multifamily building stock in Sweden, and wrote the 
paper. Thomas Olofsson reviewed the work throughout the study.  

1.5 Other publications 

1.5.1 Related publications not appended 

Mangold, M, Österbring M, Wallbaum H, Overland C, and Johansson T. 
(2017) Building ownership, renovation investments and energy performance - 
A study of multi-family dwellings in Gothenburg. Submitted to Energy and 
Buildings. 

Krantz, J., Johansson, T. (2016) Integrating production planning into road 
corridor evaluation using ETL. Proc 16th International Conference on 
Computing in Civil and Building Engineering. Osaka. Japan. 

Johansson, T., Olofsson, T. (2014) A stakeholder planning support system for 
district heating systems. Computing in civil and building engineering: 
Proceedings of the 2014 International Conference on Computing in Civil and 
Building Engineering. June 23-25, 2014, Orlando, Florida  

Shadram, F., Johansson, T., Lu, W. & Olofsson, T. (2015) An integrated BIM-
based framework for energy assessment of the building upstream flow. 
ICCREM 2015: Environment and the Sustainable Building: Proceedings of the 
2015 international conference on construction and real estate management: 
August 11-12, 2015 Luleå, Sweden. 

1.5.2 Other research publications 

Jensen, P., Johansson, T., Smiding, E. and Olofsson, T. (2013). Product 
configuration of roundabouts. CIB W78 30th International Conference on 
Information Technology, Beijing, China. 
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Krantz, J., Lu, W., Johansson, T. and Olofsson, T. (2014). An Energy Model 
for Sustainable Decision-Making in Road Construction Projects. Proc. of 
International Conference on Construction Applications of Virtual 
Reality. Sharjah, United Arab Emirates. 

Krantz, J. and Johansson, T. (2016). Evaluating construction-based greenhouse 
gas emissions of alternative road alignments. ICCREM 2016: Proc. 
International conference on construction and real estate management 2016. 
28-30 September Edmonton Canada. 

Krantz, J., Lu, W., Johansson, T. and Olofsson, T. (2017). Analysis of 
alternative road construction staging approaches to reduce carbon dioxide 
emissions, Journal of Cleaner Production, 143, 980-988 

Johansson, T. and Laurell-Stenlund, K. (2011) Time-geographic visualisation 
of stakeholder values: a case study of city relocation. Proceedings of the 6th 
Nordic Conference on Construction Economics and Organisation  

Johansson, T. and Jongeling, R. (2011). A communication platform to support 
decision making in Kiruna city relocation process. Proceedings of the 2011 eg-
ice Workshop, University of Twente, 8 s. 

1.6 Research reports 

Johansson, T.  (2012) 4D in city transformations: systems, processes and 
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1.7 News articles 

Kiruna flyttas - på webben, NyTeknik. Published: 14 April 2011 

Pistmaskinerna går in i den digitala världen, NSD. Published 13 April 2011 

Urban Design and Planning Live, Meet LTU. Published 26 June 2013 

Stadsflytt fångar forskares intresse, Tidningen Curie. Published 3 October 2012 

Samhällsbyggnad Live, LTU SBN news. Published 26 June 2013 

4D-teknik och enkäter, viktiga verktyg i stadsomvandlingen, Kiruna 
information nr 2011. Published February 2011 

Kirunas energiförbrukning på Google Earth, LTU News. Published 2 April 
2014 

Visualisering av energianvändning, SINUS nr 2 2014. Sveriges Kart & 
mätningsetekniska förenings tidning.  Published 2014 

En grön arktisk stad - Med hjälp av 3D. Gränsnittet, Lantmäteriet. Published 9 
October 2015 

 Kraftfullt verktyg för geografiska bygganalyser. Published 30 November 2016. SBN 
news
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2 THEORETICAL FRAMEWORK 

Spatial ETL technologies (and thus the theoretical framework of this thesis) 
are rooted in three fields of information technology: geographic information 
technology, city and building information modelling, and ETL. Therefore, this 
chapter first introduces Geographic Information Systems (GIS) and mapping of 
spatial information. This is followed by a section describing popular formats 
for 3D modelling of buildings and cities. Next, ETL technologies to correct, 
normalize and standardize data are presented. The chapter ends with a 
summary of methods and technologies used in the development of urban 
performance models.   

2.1 Geographic information and GIS 

GIS is an abbreviation of Geographic Information System; a system of 
components that can integrate georeferenced data using various cartographic 
projections into analytical models (Maliene et al., 2011). The technology 
improves data accessibility (Axelsson et al., 2013), and supports the generation 
and visualization of maps and models of urban systems (Sherrouse et al., 2011; 
Sousa et al., 2003; Tyrväinen et al., 2007). Thus, it is used in planning, design, 
realization and maintenance of building and infrastructure projects (Tegtmeier 
et al., 2014) and has become an important tool in urban planning and design 
practices (Maliene et al., 2011). 

GIS can also help planners to communicate and share ideas with the public 
(Yin and Shiode, 2014). Public Participation GIS (PPGIS) is a term for GIS 
systems that can enable members of the public to participate in and share local 
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knowledge about urban planning processes (Östlund, 2009; Stern et al., 2009) 
This is important because involvement of key stakeholders can create a sense 
of ownership of the plans and reduce risks of conflicts (Brody et al., 2003). 
PPGIS programmers can utilize the Application Programming Interface (API) 
of open maps from companies such as Microsoft, Google, and Yahoo (Brown 
and Kyttä, 2014; Bugs et al., 2010), to combine resources and services in so-
called mashups to customize applications according to users’ need and 
requirements (Bugs et al., 2010).  

However, due to differences in data formats, obscure semantics, poor 
documentation, and the sheer diversity of datasets there are major 
interoperability challenges in sharing and exchanging spatial information 
between organisations and the rest of society (Stoimenov and Djordjević-
Kajan, 2005). Consequently, organizations have different definitions for the 
same type of geographical information (Ridefelt, 2011). Rough estimates of the 
annual public savings in Sweden that could be accrued by making geographical 
information more accessible (open and standardized) are in the range of a 
couple of billion SEK (Lakomaa, 2016). 

The accessibility and interoperability problems have prompted legislation such 
as the 2007/2/EC INSPIRE Directive to “create a spatial data infrastructure for 
the purposes of EU environmental policies and policies or activities which may 
have an impact on the environment”(European Commission, 2007) . The 
Swedish mapping, cadastral and land registration authority, Lantmäteriet, has 
improved access to and the sharing of geo-data by creating geo-portals (e.g. 
www.geodata.se and maps.slu.se) and providing national specifications for 
geo-data to support (and improve the effectiveness of) national and local 
government services for urban planning, property registration, and 
management of building and environmental permits(Lantmäteriet, 2017). 
These portals can bring additional value to e-government and support the 
growth of user communities and spatial services (Cuca et al., 2014).  

There has been an exponential growth of services based on spatial web 
applications (e.g. Google maps and Bing maps) and crowdsourcing initiatives 
to map our built environment, such as OpenStreetMap (Haklay and Weber, 
2008) and Mapillary (Juhász and Hochmair, 2016). The Internet of Things 
(IoT), i.e. real-time data from sensors, offers new possibilities to acquire 
information, analyse and deduce insights about our urban environment from 
available sources, “clouds”, on the Internet.  However, visualization of 3D 
environments is going to be critical for users’ interaction with IoT applications 
(Gubbi et al., 2013).  
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2.2 3D models of building and cities 

Spatial information is increasingly being visualized in 3D virtual environments 
such as Google Earth, Virtual Earth and Second Life (Zlatanova and Beetz, 
2012). 3D visualization offers meaningful ways to communicate complex 
spatial relations (Al-Kodmany, 2002; van Lammeren et al., 2010), and to 
support communication and decision-making in urban planning and 
transformation (Stoter et al., 2011). Advances in laser scanning and high 
resolution capturing technology are providing new ways to create building 
models from images and 3D point clouds (Gröger and Plümer, 2012). Uses of 
3D virtual environments can be found in urban planning, (van den Brink et al., 
2013), in  mapping and simulation of noise propagation (Czerwinski et al., 
2007), urban and telecommunication planning (Knapp and Coors, 2007), 
disaster management (Zlatanova and Holweg, 2004), training (Randt et al., 
2007) and indoor navigation(Becker et al., 2009). Geographic information 
provides the foundations upon which city objects can be located to create an 
interactive platform for simulation and planning of urban environments (Bin 
Chen et al., 2011). 

A number of standards and data formats for 3D modeling and visualization of 
buildings and cities have been developed (Table 2.1), for various purposes, e.g. 
fast and realistic visualization, efficient data management or platform-
independent data exchange (Stoter et al., 2011). Many of the company-
developed formats have become de facto industry standards (e.g. SHP, DXF) 
or have been approved as open international standards (e.g. the OGC standard 
KML), see Glossary for format acronyms. Other international standards have 
been developed without major company involvement (e.g. CityGML) or by 
industrial consortia (e.g. the IFC standard). 

The strengths of available formats can be summarized as follows: 

 X3D, VRML and Collada provide the most advanced support of both 
geometry and realistic textures from the CAD tools. 

 KML supports geo-referencing and Web visualization. A special variant 
of KML is the KMZ format, which links KML and Collada. The KML 
format was initially a vendor-based format (used by Google Earth) and 
approved as an international OGC standard in 2008 (Stoter et al., 2011).  

 An Industry Forum defined the 3D-PDF format, which contains U3D 
objects that can by visualized by Acrobat Reader. It is a cost-effective 
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alternative to proprietary viewers and is being increasingly adopted by 
engineers to communicate 3D design to stakeholders. 

 IFC, CityGML and to some extent SHP provide extended support for 
semantics, objects, attributes and relationships between objects. Both 
CityGML and IFC can hold information that is important not only for 
visualization but also analysis.  

 CityGML was developed to improve the interoperability of 3D city 
models and support planning, analysis and disaster management of 
urban systems (van den Brink et al., 2013). Many municipalities have 
created 3D city models using CityGML but these models are often not 
used in planning and operation, partly because of problems with 
interoperability and partly due to the efforts to keep the models up-to-
date (Zlatanova et al., 2010). 

 IFC (Industry Foundation Classes) have been vital for improving the 
interoperability of BIM used in the design, construction and operation 
of buildings (Volk et al., 2014). An industry consortium started the 
development of IFC and released IFC 1.0 in 1994(Laakso and 
Kiviniemi, 2012). The IFC BIM standard for data is now an ISO 
standard (IS0 16739) and has been complemented by other 
methodology standards regarding process description, design 
coordination, mapping of terms and model view definitions. 

Table 2.1:  Strengths and weakness of available 3D data formats in the BIM 
and GIS domain, after Stoter et al. (2011). 

Criterion/ 
format 

DXF SHP VRML X3D KML Collada IFC CityGML 3D-PDF 

Geometry ++ + ++ ++ + ++ ++ + ++ 

Topology - - 0 0 - + + + - 

Texture - - ++ ++ 0 ++ - + + 

LOD - - + + - - - + - 

Objects 0 + + + - - + + + 

Semantic + + 0 0 0 0 ++ ++ + 

Attributes - + 0 0 0 - + + + 

XML-based - - - + - - + + - 

Web - - + ++ ++ + - + 0 

Geo-
referencing 

+ + - + + - - + + 

Acceptance ++ ++ ++ 0 ++ + 0 + ++ 

 ‐ not supported; 0 basic; + supported; ++ extended support 
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However, the use of different data formats in the development of building and 
city models with differing foci on geometry, textures, semantics and 
relationships hinders the sharing of information and interoperability between 
software packages (Zlatanova et al., 2012).  Interoperability problems are 
related to loss of information (attributes, textures, identifications), improper 
conversion (orientation of faces, data types), violation of topological validity 
(intersections, or gaps) and loss of relationships (Zlatanova et al., 2012); (van 
den Brink et al., 2013). Figure 2.1  illustrates the different modelling 
approaches of IFC and CityGML. 

 

Figure 2.1: Comparison of IFC (left) and CityGML (right) building objects 
(Nagel et al., 2009)  

CityGML objects are normally derived from surface observation of 
topographic features and the information is extracted by sensor-specific 
procedures. This results in models of buildings based on surfaces while IFC 
models are based on volumetric representations of buildings’ elements. 

2.3 Data warehousing and ETL 

2.3.1 Architecture 

ETL technology was developed to support data warehousing. ETL processes 
collect data from different sources, then integrate and transform the data to 
support data analysis and decision-making within an organization (Vassiliadis 
et al., 2007). A data warehouse (DW) holds an integrated repository of 
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information that is critical for business (March and Hevner, 2007). The DW 
architecture depends on the requirements, see Figure 2.2. 

 

 
 

Figure 2.2: Single layer (1), two-layer (2) and three-layer (3) DW 
architectures (Golfarelli and Rizzi, 2009) 

A single-layer architecture (not often used in practice) is used to minimize data 
storage and eliminate data redundancy.  Systems with such architecture cannot 
store processed data, thus they are sensitive to high analytical and transactional 
processing workloads (Golfarelli and Rizzi, 2009). A 2-layer architecture 
separates the available operational data from the data stored in the DW and is a 
typical architecture for DW systems. The ETL process extracts, cleans and 
corrects inconsistencies and gaps in the operational data, and populates the DW 
with integrated data records with common schemas (Golfarelli and Rizzi, 2009; 
Vassiliadis et al., 2007) The ETL creates a link between the operational data 
and the data in the warehouse (Golfarelli and Rizzi, 2009).   
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The “data marts” are replicates of parts of the content in the DW made 
specifically to support direct access to critical information for the business 
(Kimball and Caserta 2004). Kimball and Caserta (2004, p. 25) defines data 
marts as: 

 “…a process-oriented subset of the overall organization’s data based on a 
foundation of atomic data, and that depends only on the physics of the data-
measurement events, not on the anticipated user’s questions.” 

 Data marts are also conceptually useful in DW development, as they constitute 
building blocks of DWs, and specify the information required by intended 
users (Golfarelli and Rizzi, 2009). Other important conceptual elements of 
DWs include OLAP (On-Line-Analytical-Processing) cubes: dimensional data 
stored in a relational database management system to support fast and complex 
querying of dimensional structures, e.g. aggregated sales figures over time, 
product categories and stores (Kimball and Caserta, 2004). The meta-data 
includes information (inter alia) on operational data sources, access 
procedures, data staging, users and data marts schema. 2-layer architecture is 
considered to be efficient and flexible for creating reports, analyzing 
information and simulating hypothetical business scenarios (Golfarelli and 
Rizzi, 2009). 

Two-layer architecture can be expanded into 3-layer architecture, by adding a 
reconciled data layer that stores the operational data obtained after the data 
have been integrated and cleaned. The resulting datasets are consistent, correct 
and detailed within the reconciled layer.  The main advantage is to create a 
common reference model for the whole organization using the DW and 
separate problems of source data extraction and integration. Furthermore, the 
reconciled data layer can be used to produce daily reports or generate data 
flows to feed external processes to benefit from the prior cleaning and 
integration. However, adding an extra storage layer can be disadvantageous if 
the data in the source layer changes rapidly (Golfarelli and Rizzi, 2009). 

In both 2- and 3-layered DW architectures ETL is used to establish repeatable 
processes that are scheduled to extract operational data from multiple data 
sources, transform the data according to user requirements, and finally load the 
transformed data to the DW (Gour et al., 2010; Kimball and Caserta, 2004).  

There are also architectures that include independent data marts that are 
separately designed and built in a non-integrated fashion, as shown to the left 
in Figure 2.3. Such architecture can be applied in an enterprise-wide warehouse 
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project or when the organizational divisions are loosely coupled (Golfarelli and 
Rizzi, 2009). 

Hub-and-spoke architecture, shown to the right in Figure 2.3, is used to support 
medium to large OLAP systems where extensibility and scalability are 
important. Normalized data is stored in a reconciled layer that feeds a set of 
data marts containing aggregated data in several dimensions. Users mainly 
access the data marts, but may occasionally query the reconciled layer for 
information (Golfarelli and Rizzi, 2009). 

 

Figure 2.3:  Independent data marts architecture (4) and Hub-and-spoke 
architecture (5) 

2.3.2 Extract transform and load operations 

The functions of ETL technologies are to extract, structure, aggregate 
operational data from databases and pre-compute queries to meet requests from 
users doing analyses (Ahmed et al., 2010; Karabegovic and Ponjavic, 2012; 
Kimball and Caserta, 2004). The ETL process can be divided into four main 
steps: the extraction, cleaning, conformation and delivery of data (Figure 2.4). 

The data can be extracted in many ways, using a mainframe application, a 
customer relationship management tool, an enterprise resource planning 
application, an Excel spreadsheet or a flat file (Gour et al., 2010; Kimball and 
Caserta, 2004).  
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Figure 2.4:  Schematic illustration of an ETL process: extraction of source 
data from a mainframe and production source, transformation 
and finally loading to the end user’s application (Kimball and 
Caserta, 2004). 

Extracted datasets, of different formats and semantics, are subjected to a series 
of transformations to create homogeneous sets that can be stored in databases 
and delivered to end user applications (Bédard et al., 2001). The transformation 
process involves several operations organized in a work flow, typically 
including schema transformations, cleansing, filtering, sorting, grouping and 
flow operations (routing and merging). 

Other operations include function applications (script written in a declarative 
programming language and call to external libraries or services), text/data 
analytics and machine learning operations (Karagiannis et al., 2013; Simitsis et 
al., 2009). 

The ETL process can fix errors and correct for missing data, provide statistical 
measures, capture flows of transactions for safekeeping, combine data from 
multiple sources and structure data according to end-users’ applications 
(Kimball and Caserta, 2004). 

Figure 2.5 shows an example of the normalization, standardization and 
correction on source data (an address register) (Golfarelli and Rizzi, 2009).  
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Figure 2.5: Illustrative transformation operations: normalization, 
standardization and correction (Golfarelli and Rizzi, 2009). 

An ETL workflow can be visualized using flow or network graphs (Simitsis et 
al., 2009), consisting of predefined readers and transformers connected to form 
the workflow in the ETL process (Kimball and Caserta, 2004; Simitsis et al., 
2009).ETL tools used for implementation often have visual flow-based 
programming interfaces, which are easy to understand, allow re-use of parts of 
the workflow, and even enable non-programmers to create fairly complex 
programs with little training (Myers, 1990). Later research by Celani and Vaz  
(2012) showed that visual programming interfaces accelerate the 
implementation of complex programs. 

2.4 Spatial ETL technology for GIS and BIM applications 

Table 2.2 lists published papers concerning the development and use of spatial 
ETL technology, i.e. the combination of GIS and BIM with ETL and DW 
technologies.   
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Table 2.2:  Published papers concerning the development and use of spatial 
ETL technology, BIM and GIS  

Year Author and 
country 

Title ETL tool Journal Model Application area 

2008 McGuire 
Gangopadhyay, 
Komlodi, Swan, 
USA 

A user-centered design for 
a spatial data warehouse 
for data exploration in 
environmental research 

ESRI ArcGIS, 
ArcSDE and 
Oracle 

Ecological 
Informatics 

GIS Spatial DW and OLAP 
Analytics,  Workflow 
model  for population and 
ecological data processing 

2009 Bernier, 
Gosselin,  
Badard  and 
Bédard, Canada 

Easier surveillance of 
climate-related health 
vulnerabilities through a 
Web-based spatial OLAP 
application 

FME International 
Journal of 
Health 
Geographics 

GIS Spatial OLAP and ETL 
technology, Geo-
referenced public health 
indicators 

2010 Cerovsek, 
Slovenia 

A review and outlook for a 
‘Building Information 
Model’ (BIM): A multi-
standpoint framework for 
technological development 

Not applicable Advanced 
Engineering 
Informatics 

BIM BIM technology, State of 
the art, Advocating use of 
ETL for data integration 
and services 

2012 Vanassea, 
Courteau and 
Courteau,  
Canada 

The interactive atlas on 
health inequalities 

Talend 
OpenStudio 

Spatial and 
Spatio-
temporal 
Epidemiology 

GIS Spatial OLAP and ETL 
technology to create an 
interactive atlas of health 
inequalities 

2012 Kyung, Yom, 
and  Kim, South 
Korea 

Spatial data warehouse 
design and spatial OLAP 
implementation for 
decision making of 
geospatial data update 

GeoKettle and 
PostGIS 

KSCE Journal 
of Civil 
Engineering 

GIS Spatial DW and OLAP 
technology, optimal 
strategies for geospatial 
updating  

2013 Isikdag, 
Zlatanova, 
Underwood, 
Turkey, The 
Netherlands&UK 

A BIM-Oriented Model for 
supporting indoor 
navigation requirements 

FME Computers, 
Environment 
and Urban 
Systems 

GIS/ 
BIM 

Facility management, 
Development of indoor 
navigation model 

2014 Gökçe and 
Gökçe  
Germany 

Multi-dimensional energy 
monitoring, analysis and 
optimization system for 
energy efficient building 
operations 

Java and Oracle Sustainable 
Cities and 
Society 

BIM Facility management, 
Energy performance 

2014 Bimonte, 
Boucelma,  
Machabert and  
Sellami , France 

A new spatial OLAP 
approach for the analysis 
of volunteered geographic 
Information 

Map4 Decision Computers, 
Environment 
and Urban 
Systems 

GIS Spatial OLAP and ETL 
technology, Quality of 
volunteered geographic 
info  

2015 Kang and Choi, 
South Korea 

BIM perspective definition 
metadata for interworking 
facility management data. 

Talend Open 
studio 

Advanced 
Engineering 
Informatics 

BIM/ 
GIS 

Facility management, ETL 
for data extraction from 
BIM 

2015 Kang and Hong, 
South Korea 

A study on software 
architecture for 
effective BIM/GIS-based 
facility management data 
integration 

Talend Open 
studio  

Automation in 
Construction 

BIM/ 
GIS 

Facility management, 
Integration BIM/GIS  

2015 Berrahou,  
Lalande, Serrano, 
Mollaa, Berti-
Équille, et al 
France 

A quality-
aware spatial data 
warehouse for querying 
hydroecological data 

PostgreSQL 
DBMS & 
Mondrian 
server 

Computers & 
Geosciences 

GIS Spatial DW, and OLAP 
technology, data quality of 
hydro-ecology data 

2015 Lee and Kang, 
South Korea  

Geospatial big data: 
challenges and 
opportunities 

Not applicable  Geospatial Big 
Data: 
Challenges & 
Opportunities 

GIS Spatial DW, OLAP 
technology and big data, 
State of the art 
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2016 Aydinoglu, 
Turkey 

Modelling, encoding and 
transforming of open 
geographic data to 
examine interoperability 
between GIS applications 

FME Geocarto 
International 

GIS Spatial DW and OLAP, 
Urban Web atlas and 
topographic maps. 

2016 Bimonte, 
Naoufal and 
Gineste, France 

A system for the rapid 
design and implementation 
of Personalized 
Agricultural Key 
Performance Indicators 
issued from sensor data 
 

VBoxReporting 
and Spatial 
Data Integrator 

Computers 
and 
Electronics in 
Agriculture 

GIS Spatial ETL, Rapid 
generation of key 
agricultural performance 
indicators from sensor data 

 
Combinations of ETL and BIM/GIS have mainly been applied in facility 
management, as in the following examples. Gökçe and Gökçe (2014) used 
spatial ETL for exchanging information between BIMs and sensor data stores 
as part of a system for monitoring and optimizing buildings’ energy 
performance. 

Kang and Hong (2015) proposed architecture for effective integration of BIM 
into a GIS-based facility management system and claimed that spatial ETL has 
benefits of re-usability and extensibility. 

Kang and Choi (2015) developed a BIM facility management system based on 
various cases, involving use of spatial ETL to extract data from the BIM. 

Cerovsek (2011) reviewed literature on BIM development and recommended 
use of ETL technology to manage interoperability and integration of datasets 
from various CAD/BIM/GIS applications. 

Isikdag et al. (2013) presented a “BIM-oriented approach to indoor data 
management model” (BO-IDM) to support indoor navigation, involving use of 
ETL. 

Some research on ETL and GIS has focused on developing spatial ETL 
technology further, and/or testing (or improving) the interoperability between 
different standards, as illustrated by the following examples. Bimonte et al.  
(2014b) used ETL in a spatial OLAP approach for analysis of volunteered 
geographic information to aggregate, based on the credibility of the users, and 
to filter data based on historical precision. 

Kyung et al. (2012) developed a spatial DW design and a spatial OLAP to aid 
optimal decision-making regarding updating geospatial databases, involving 
use of ETL to extract, refine and integrate the data into a spatial DW.  
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Aydinoglu (2016) developed an ETL tool to test the interoperability between 
open data models in case applications of generation maps and Web urban atlas, 
concluding that ETL enables multiple uses of geo-data with less effort. 

Berrahou et al. (2015) defined a comprehensive method to gain insight into 
data quality characteristics within a DW and optimal use of ETL both to handle 
the data integration and propagate data quality using aggregation rules and 
weighting functions. 

Lee and Kang (2015) examined the opportunities and challenges associated 
with big data and recommended ETL as a tool to populate spatial DWs and 
support big data analyses using maps. 

Performance models have also been developed using spatial ETL technologies. 
McGuire et al. (2008) created a prototype DW to generate a performance map 
of biological community distributions, in which a generalizable ETL created a 
workflow that integrated data across spatial dimensions before loading into a 
spatial OLAP cube.   

Bernier et al. (2009) used an ETL process to tackle many incompatibilities 
between spatial data sources to establish a web-based spatial OLAP 
performance model for surveying climate-related health vulnerabilities. 
Vanasse et al. (2012)  developed an interactive atlas of health inequalities that 
enabled rapid query of health data in an aggregated format using ETL and 
spatial OLAP. Bimonte et al. (2016)  developed a system for rapidly designing 
and implementing key agricultural performance indicators from sensor data. 

2.4.1 Spatial ETL tools 

Feature manipulation Engine (FME) 
The Feature Manipulation Engine (FME) is a spatial ETL that can handle both 
spatial and non-spatial data, as well as data from web services. It is based on 
the principle of “semantic mapping”, which enables the reconstruction of data 
during data conversion. Hence, FME can interconvert data in 350 different 
spatial formats, including most of the common CAD and BIM formats (Linyan 
He et al., 2011; Safe, 2017a). In addition, FME offers a variety of tools to 
perform spatial analysis, data exploration and geo-processing. The software 
includes approximately 450 transformers to perform different types of spatial 
and non-spatial operations (Moreira et al., 2013; Safe, 2017b)  
 
 



PERFORMANCE VISUALIZATION OF URBAN SYSTEMS 

24 

Talend Open Studio 
Talend open studio is an open source ETL product developed for big data 
applications (Bansal, 2014; Chen and Zhang, 2014). The software enables 
specialists to develop extraction, transformation (cleansing) and loading 
components (Pfeifer et al., 2010). Using Talend studio the user can build 
customized tools by dragging and dropping a variety of icons off the canvas 
and stringing them together visually without the need to write complicated 
programmes (Chen and Zhang, 2014). The software generates Java code that 
can be used in software solutions (Pfeifer et al., 2010). There is also a spatial 
extension for Talend called spatial integrator that supports GIS formats such as 
PostGIS, Oracle spatial, Shapefile, MIF/MID, GPX KML and other OGR 
vector formats. GIS operations such as buffer, inside point, area, distance, 
length, union, intersection, boundary, convex hull, difference, clip and simplify 
are also supported (Talend, 2017). 

Geokettle 
Geokettle is a spatially supported version of Pentaho data integration (also 
known as kettle) (OSGeoLive, 2017). It is metadata-driven software dedicated 
to integration of data sources for creating and updating spatial data warehouses, 
using hundreds of pre-defined functions that enable complex automation tasks 
and repetitive data processing without writing code. Geokettle supports the 
OGR formats (e.g. KML, Shp, GML) 35+ databases (MySQL, Oracle, 
Postgis), and XML (among others).  After transformation (correction, 
cleansing, data structuring and output adaption) the data can be loaded into a 
database, GIS file or geospatial web service (OSGeoLive, 2017). 

2.5 Concluding remarks 

ETL is being increasingly used to create performance models based on large 
quantities of spatial and non-spatial data. ETL tools are suitable for extracting 
data due to the interoperability possibilities they provide, for cleaning and 
conforming spatial data using diverse pre-defined functions (transformers), and 
finally loading the data back to file formats, databases or web services.  

The FME has the best features for my purposes, especially extensive support 
for reading and writing suitable file formats for modelling urban systems, such 
as 3D building information models, 3D city models and point clouds. In 
comparison, other tools that could potentially be used are oriented more 
towards import/export of classic GIS file formats and databases. 
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3 SCIENTIFIC APPROACH 

This chapter presents the methods I have chosen to address the research 
question and meet the aim of my research. It also provides a description of my 
research journey to enable the reader to judge the credibility of the research 
results.    

3.1 Researcher’s background 

After successfully completing studies for a Master’s degree in urban planning 
and transport at Luleå University of Technology and Delft University of 
Technology, I started work towards a PhD at Luleå University of Technology 
in 2010. The institutional work as a PhD student included involvement in four 
graduate courses, for which I developed teaching materials and taught students 
about virtual design and construction (VDC) methods in lectures and the lab. 

I also gave single lectures in two other courses within the same field. During 
my PhD studies I also supervised seven Master’s students and one Bachelor’s 
student during their thesis projects. 

During the first three years of my research I worked part time as a consultant 
supporting efforts by the Swedish Transportation Administration (STA) to 
implement virtual design and construction methods, which influenced my 
research in two ways. 

Firstly, I had the opportunity to use methods that I developed during my 
licentiate studies in a pre-study of the Stockholm bypass project, focusing on 
ways to use web-based virtual reality models in communicating information 
about infrastructure projects to the public and stakeholders.  Secondly, during 
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that study I concluded that there is both a practical problem and a scientific gap 
in the process of making such models. Their development is both resource- and 
time-consuming, and further progress is needed to facilitate their wider use. I 
applied these insights to refine my research approaches in the studies of urban 
transformation of the cities Malmberget and Kiruna. 

Later in my doctoral studies I also worked with industrial firms, governmental 
authorities and my host university developing urban performance models for 
practical use and education. 

This gave me many opportunities to collect empirical data from case studies 
and a large network of diverse contacts. However, collecting data in such ways 
raises risks of blurring boundaries between research and consulting, and 
treating findings subjectively (Denzin and Lincoln, 2005). 

3.2 Research design  

As already mentioned, the overall aim of my research was to find suitable 
methods for the development, visualisation and analysis of performance 
models of urban systems. 

Therefore, the research design was grounded in practical actions to produce 
relevant research results that can be empirically analysed (Baskerville, 1999). 
The case study method is suitable for examining phenomena in natural settings, 
using multiple methods of data collection and to gain information from one or 
more people, groups or organizations (Benbasat et al., 1987). Therefore, I 
selected an explorative approach using case studies of urban systems as my 
main research method with the assumption that the results could be generalized 
to other cases (Flyvbjerg, 2006). 

The research design was based on an iterative approach inspired by Baskerville 
(1999) and Hartmann et al. (2009), involving cycles of theoretical suggestions, 
empirical observation and analysis, method development and examination of 
the results (Figure 3.1). This stems from the idea that most advances in science 
do not follow a pattern of pure deduction or pure induction (Kovács and Spens, 
2005). Such “an abductive approach to case research” is advantageous because 
theory cannot be entirely understood without empirical observations and vice 
versa (Dubois and Gadde, 2002). 
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 Figure 3.1:  The selected research design, adapted from Hartmann et al. 
(2009) and Baskerville (1999) 

Each case study consisted of four major steps: 

1. Application of known theories to identify gaps in combination with 
observations and analysis of archive data. The scientific gap was 
identified from literature reviews and indications of practical problems 
acquired from stakeholders using various data collection methods. In 
this process, stakeholders from municipalities (energy advisors and 
urban planners), industries (responsible for urban transformation in 
Kiruna and Malmberget) and public organizations (project leaders and 
scientists) participated in interviews, meetings and focus groups.   

2. In the second step prototyping was used in efforts to resolve identified 
gaps and problems. ETL workbenches were developed using data 
exploration and knowledge discovery through iterative design and 
inspection. 

3. Once a prototype was finished it was used to generate performance 
models, maps and diagrams that were examined by the authors and used 
for additional data collection in focus groups, interviews and meetings.  

4. The last step involved matching of both the developed method and data 
results with existing theory to reflect, and extract evidence of existing 
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or new knowledge created from the case study in terms of methods and 
results.  

3.3 Research process 

3.3.1 The research journey 

Figure 3.2 illustrates my research journey and relations between the case 
studies, research activities, research questions and appended papers in the 
thesis. Of the six case studies, four were conducted in Kiruna (indicated by red 
text boxes), one in Gällivare (orange) and the final one covered the whole of 
Sweden (green). The research activities can be categorized as:  

 acquisition and development of theory from literature reviews, writing 
papers and discussion of results in meetings, seminars and conferences; 

 empirical data collection, e.g. from interviews, archives and 
observations; 

 prototyping to (inter alia) provide solutions that can be evaluated, 
resolve uncertainties and increase understanding of users’ requirements. 

The overall approach can be classified as participatory action research 
(Baskerville, 1999) or action design research, which does not seek to 
control the research process. Dubois and Gadde (2002) described such an 
approach as a “nonlinear, path-dependent process of combining efforts with 
the ultimate objective of matching theory and reality”. Hence, the 
discoveries made along the research path can change the objectives of the 
research. 

In my research journey the original aim, as stated in my licentiate thesis, 
was to “support the communication of planning of urban transformation 
process modelling using 4D visualization” (Johansson, 2012). In the first 
case study (K1), a prototype was developed to create a web-based so-called 
public participatory geographic information system (PPGIS) to visualize 
effects of planned urban transformations in the city of Kiruna. Findings 
from the first and second prototypes gradually changed the research 
objective to investigation of “how spatial ETL technologies can be used to 
develop performance models of urban systems”, which lay foundations for 
the research questions posed in the thesis. 
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RQ1

RQ2

RQ3

Papers 1, 2 & 3

Papers 2, 3, 4, 5

Papers 4 & 5

CASE K3

CASE K1

CASE K2

CASE K4

CASE N1

CASE G1

 

Figure 3.2: Schematic illustration of the overall research process 



PERFORMANCE VISUALIZATION OF URBAN SYSTEMS 

30 

 

Conclusions of case studies cannot be evaluated quantitatively, e.g. with 
statistical measures. Instead, they must rely on inductive reasoning based on 
evidence obtained from the cases 

Thus, both the cases and data collection methods must be carefully considered 
in relation to the research questions posed, to assess how far conclusions drawn 
from each case will answer the questions. 

All the case studies (except K1, which provided background information and 
identified the focal research gap) covered one or more of the research 
questions, albeit from different perspectives and scales and with slightly 
different foci: 

 Case K2 focused on RQ1 and RQ2, more specifically the data 
extraction and transformation required for quantity take-off of urban 
objects in subsidence zones of Kiruna;  

 Case K3 focused more on the development, visualization and analysis 
of performance indicators, i.e. RQ2 and RQ3; 

 Case K4 focused on RQ1, specifically the extraction of material 
quantities and transport distances; 

 Case G1 enabled development of methods for obtaining spatially 
representative data and aggregating data to different scales (RQ2), and 
both spatial visualization and analysis of survey data (RQ3). 

 Case N1 covered all RQs.  All methods previously developed were 
used, but on a much bigger scale, in terms of both amounts of data and 
number of aggregated levels. 

 

3.3.2 Case studies 

Table 3.1 lists the six studied cases, which differ in scope, intended user, scale 
and data collection methods used. Each case is described in more detail below. 

K1: The urban planning involved in a transformation of the city Kiruna, which 
has approximately 18,000 inhabitants, was the first case studied. The city is 
being gradually relocated (one of the motives for selecting the case) over about 
40 years due to underground mining activities, which are causing deformations 
spreading towards the city centre (Figure 3.3). 
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Case K1 focused on the urban planning and communication with stakeholders 
involved, and provided the basis for my licentiate thesis, entitled “4D in City 
Transformations Systems, Processes and Actors”. Empirical data were 
collected from (semi-structured) interviews with 10 respondents (planning 
professionals and representatives of other stakeholder groups), observations of 
urban planning meetings during a one-month stay in Kiruna and archival data, 
see Johansson (2012) for more information. A prototype system based on 
Google Earth for communicating 4D urban plans was realized using Facebook 
to support two-way asynchronous communication for collecting geo-referenced 
opinions from the public. The understanding of the required flexibility that 
emerged, and the frequent changes in urban plans that occurred, during 
development of the prototype led to a search for more dynamic and automated 
processes to create urban models. Results from the K1 case study are presented 
in my licentiate thesis and Paper 1. 

Table 3.1: Summary of the case studies and data collection methods. 
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K1 Communication of urban plans Kiruna municipality X X X X 

K2 
Quantity take-off of objects 
affected by mining subsidence 

LKAB, mining company X X 
 

X 
 

K3 
Energy performance of a city’s 
building stock 

Energy advisors  X X  X X 

K4 
Quantity take-off from BIM and 
supply chain transports  

NCC design team  X X 
   

G1 
Visualization of social values of 
the built environment  

Gällivare municipality  X X 
   

N1 
Energy and renovation atlas of 
multifamily buildings in Sweden 

Boverket, energy  X X 
 

X 
 

 

K2: The second case study in Kiruna was carried out in collaboration with the 
mining company LKAB. The objective was to estimate quantities of city 
objects, such as buildings, railroads, roads and utility networks (sewage, water 
supply and district heating), that would be affected by mining subsidence in the 
coming years. Archival data was collected from local and national stakeholders 
involved in the urban transformation of Kiruna: the municipality of Kiruna, the 
mining company LKAB, the district heating company TVAB and the Swedish 
Transport Administration (STA). This data was complemented with geographic 
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information from Lantmäteriet, population statistics from Statistics Sweden 
and other information from web services such as Eniro and Google. 

   

 

Figure 3.3:  Contours showing anticipated effects of mining subsidence in 
Kiruna from 2015 – 2030, from Tidplan Kiruna, 
https://samhallsomvandling.lkab.com/sv/kiruna/tidplan-kiruna/. 

Spatial ETL methods were tested for the first time in order to automate 
extraction of data from unstructured and structured sources, and facilitate the 
development of city models for visualisation and analysis. Some of the process 
segments in the ETL prototype created were later re-used and adapted in the 
Kiruna 3 case study. Results of the K2 study were reported to LKAB. 

K3: The third case study in Kiruna was conducted together with the district 
heating company TVAB and the Energy Engineering Division at Luleå 
University of Technology (LTU). Data on energy use from TVAB, mining 
subsidence zones from the mining company LKAB, building information from 
the municipality, geographical information from Lantmäteriet, and 
demographic zones from Swedish Statistics (SCB) were used to create the first 
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model of the energy use of buildings connected to the district heating network 
in Kiruna. To make the prototype more generic TVAB’s data on energy use 
was replaced with data from energy performance certificates, EPCs, of the 
buildings in Kiruna. Boverket (the National Board of Housing, Building and 
Planning) provided the EPC data. A focus group of energy advisors evaluated 
the prototype’s potential practical utility. The ETL methods developed in this 
case study were generic and could be re-used to describe the energy use in 
other cities in Sweden. Results of the K3 study are present in Paper 2. 

K4: The fourth case study focused on a recently built semi-detached passive 
house consisting of two duplex apartments with a habitable surface area of 140 
m2 in Kiruna, and was carried out in collaboration with another PhD student at 
our research group.  A method to assess the embodied energy arising from the 
materials supply chain in the building design stage was developed and tested. 
My role in K4 was to develop a tracking algorithm to collect distances between 
the construction site and suppliers of materials and components. The developed 
ETL method cycles recursively through the list of suppliers to estimate these 
transportation distances using a Google map web service API. The ETL 
process also includes the quantity take-off of material and components from 
the BIM model of the passive house. Results of this study are presented in 
Paper 4.   

G1: The case study of Gällivare, which has approximately 14 000 citizens, was 
done in collaboration with the Human Work Science Division at LTU. There 
are actually two urban centres in the municipality of Gällivare: Gällivare and 
Malmberget. Parts of the city centre in Malmberget need to be relocated to 
Gällivare due to ground subsidence caused by mining operations. Results of a 
major survey by Jakobsson and Segerstedt (two of the co-authors of Paper 3) 
were used to relate social aspects to geographical locations of the respondents. 
A major spatial factor was discovered; the closeness of the residential areas in 
Malmberget to the mining pit (see Figure 3.4).  
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Figure 3.4:  Locations of mining subsidence zones in Malmberget. Buildings 
and roads within these zones are going to be demolished or 
relocated. The blue line in the left picture shows the boundary of 
the fence area, the light blue area is the area affected by mining 
subsidence before 2011, and the dark green area is predicted to 
be affected by mining subsidence in 2016–2027, with the forecast 
deviation shown in light green (Paper 3). 

The combination of geo-referenced survey data, archive data from the 
municipality of Gällivare, population statistics from Statistics Sweden (SCB) 
and geographic information from Lantmäteriet enabled geo-validation of the 
survey data. In this case study, the frequency of responses was compared with 
the population density in the municipality of Gällivare. Pertinent datasets were 
combined and visualized using the developed ETL process. The results were 
visualized on Statistics Sweden 250 x 250m grid to protect the respondents’ 
privacy. Results of this case study are presented in Paper 3. 

N1: The last case study focused on energy conservation measures in renovation 
of the multifamily building stock in Sweden. This study was done in 
collaboration with Mikael Mangold, Chalmers University, Boverket and 
Energimyndigheten (Swedish Energy Agency). Boverket is responsible for 
analysing the housing market, issuing building regulations and supervising city 
and county planning in Sweden. In this study the renovation demands and 
possible energy savings in the national multifamily building stock were 
analysed, particularly buildings constructed in the “Million Homes Program”. 
This was a major national initiative to build a million dwellings in order to 
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meet urgent housing needs in Sweden from 1965 to 1975 (Castell, 2010; Hall 
and Vidén, 2005). Buildings constructed during this Program are reaching 50 
years of service life and being prioritized for renovation (Formas, 2012) and 
energy retrofitting (Lind et al., 2016). 

The renovation and energy retrofitting framework that Mikael Mangold 
(Mangold, 2016) developed for the city of Gothenburg and the automated ETL 
methods developed in K3 were further adapted to include all the multifamily 
buildings in Sweden. Performance models and maps on various levels of scale 
were developed using performance metrics on energy use together with 
information on ownership and the socio-economic status of residents. The 
collected data came mainly from national repositories at Boverket, 
Lantmäteriet and Statistics Sweden. The results are presented in Paper 5. 

3.3.3 Empirical data collection methods 

The following data collection methods were used: 

Individual interviews: These are verbal interchanges, often performed face-
to-face. Individual interviews with urban planners in Kiruna were conducted to 
explore how information about urban plans was communicated in the urban 
transformation of Kiruna. However, this method has weaknesses as there may 
be errors in the interpretation of interviewees’ comments, the interviewers may 
be biased and the successful collection of data is strongly dependent on the 
skill of the researcher (Woksepp, 2007). 

Partly for these reasons, the interviews were complemented with empirical data 
I collected from observations over a month as a visitor at Kiruna municipality’s 
office of housing and urban development. Interviews were the main data 
collection method in case study K1; more information regarding these 
interviews is presented in my licentiate thesis. 

Observations: I participated in numerous formal and informal planning 
meetings in the Kiruna and Gällivare case studies to observe the processes 
involved in formulation and communication of urban plans in these cases. The 
observations were documented as notes, which were later analysed and re-
written. I also participated in a number of meetings and workshops in the Nya 
Giron, Attract and SIREN projects. Fruits of these interactions included 
suggestions for improvements of early visualization prototypes and concepts 
from both involved stakeholders (e.g. planners from the municipality, LKAB, 
the STA and Boverket) and other participating researchers. 
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Focus group: A focus group is a group of people assembled to gauge beliefs 
and attitudes of a wider population or sector, in which group interactions are 
expected to help the participants to explore and clarify their views.     

To obtain information and feedback about use of an urban performance model, 
the energy city prototype was demonstrated and evaluated in a workshop with a 
focus group of 15 energy advisors from the counties of Norrbotten and 
Västerbotten. The demonstration of the prototype was followed by an 
evaluation session, where the participants were asked to fill in a web-service 
enabled questionnaire that displays the collected results in graphs or tables. 
Responses to each question were presented in real time for discussion with 
participants in the focus group to enhance the prototype’s evaluation. More 
details about this process are presented in Paper 2. 

Archive data: Extraction of data archived in planning documents, drawings 
and both spatial and non-spatial datasets made a major contribution to the data 
collected in the studies underlying this thesis. The datasets were primarily used 
to build the performance models of urban systems. The data-sets used in the 
case studies are described in detail in Chapter 4.   

3.3.4 Prototyping 

A prototype (in this context) can be defined as a basic working model of an 
information system, or part of a system, generally constructed to increase 
understanding of users’ requirements and resolve uncertainties before a full 
system is implemented (Jensen, 2014).In software projects, prototyping has a 
crucial role as early prototypes allow users to evaluate different technical 
proposals (Golfarelli and Rizzi, 2011). In the development of ETL processes, 
prototyping provides a way to detect errors in the extract, transform and load 
stages before the algorithms are implemented (Golfarelli and Rizzi, 2011).  

Prototyping and tests with smaller datasets than the final system will handle are 
used to allow errors to be identified and corrected, with significantly less 
resources than if the full system and datasets were used (Strand, 2005). Smaller 
data test loads are created using staging (filtering) of the often large source data 
files, thereby reducing memory demands, increasing loading speeds and 
enabling recovery from failure without restarting from the beginning of the 
process (Kimball and Caserta, 2004; Kimball and Ross, 2013). 

The prototypes developed in the studies underlying this thesis are described in 
the following sections. 
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The PPGIS prototype: This first prototype was presented in my licentiate 
thesis, and based on the hypothesis that “4D visualization enhances the 
opportunity to create transparent, accessible and understandable plans for 
stakeholders to support communication with urban planners”. The main idea 
was to create a stakeholder collaboration hub that integrates different plans 
with a variety of planning content in a 4D web-based planning tool. The 
prototype was based on the empirical data collected in case study K1, and after 
the licentiate was re-worked using spatial ETL technology.  

The city ETL prototype: Some of the knowledge gained in the first 
prototype’s development (regarding, for instance, the problem description, 
integration of data, and development of 3D/4D models) was used to create this 
second prototype. Results from the interviews and literature review in case 
study K1 were also used, to target more specific problems. 

The PPGIS prototype was believed to be too complex for practical use in urban 
planning in Kiruna and Gällivare. Therefore, the ETL city prototype was 
developed to facilitate data transformation and integration of various 
performance models of the built environment. The methods in the prototype 
were refined in a number of studied cases including: 

 The development of VR models of the cities Kiruna, Luleå and 
Gällivare that were used in undergraduate courses, by consultants and 
in the development of a large VR model for GeoVisionary in the 
establishment of a VR studio at LTU. 

 The development of a VR model of Slussen for the game engine 
Unity3D. The model was used by a non-profit organization.  

 The estimation of effects of the mining subsidence on buildings, 
infrastructure and future energy use in Kiruna, in cases studies K2 and 
K3. 

 In case G1 for the visualization and analysis of social indicators of the 
built environment in Gällivare and Malmberget. 

 

The national ETL prototype: The possibility to build an ETL-generated 
model on a national scale was first realized in the development of the city 
prototype in case K3. Such a model could support energy advisers in all 
municipalities in Sweden. Later I participated in a SIREN (a strong research 
environment for Sustainable Integrated Renovation) workshop, where I met 
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Mikael Mangold who had recently developed a geographic information model 
of the renovation needs in the multifamily building stock in Gothenburg 
(Mangold, 2016). Together we started to develop a national energy and 
renovation atlas of the multifamily building stock, case study N1. In this effort 
I developed the ETL workbench to create the atlas and Mikael contributed 
formulas used in the development of performance indicators for renovation 
year and costs.   

Staging was introduced in case study N1 to reduce memory demands, increase 
the extraction and loading speed from the sources to targets and enable 
recovery from failure without restarting from the beginning of the process 
(Kimball and Caserta, 2004; Kimball and Ross, 2013). After filtering out 
unnecessary information, the source data were merged using attribute and 
spatial joins to create a coherent dataset of the national multifamily building 
stock. This approach is suitable when the information is relatively stable over 
time, i.e. data changes relatively slowly. I later used the workbench developed 
in case study N1 in a renovation and energy project with Boverket and 
Energimyndigheten to test different renovation scenarios’ effects on energy 
use.  

Internal and External validity 

Internal validity refers to the “truth” of inferences regarding causal 
relationships drawn from case studies (here how well the cases provided 
support for the development of extract, transform and load methods for 
performance models of urban system). 

Except for case K1, I used ETL methods for the development of all the 
presented performance models. Empirical data for evaluation and use were 
collected from multiple data sources.  The developed ETL methods have been 
applied to cases with varying scope to increase the systemic variance of the 
developed performance models. Many spatial information sources have been 
used, especially in case N1 to triangulate data, compare aggregated sums and 
visually inspect the developed models for errors or missing data. 

The wide variations in scope and scale of the cases provide external validity for 
the findings (Flyvbjerg, 2006). Hence, the results of the research should be of 
use in the development of other performance models of the built environment. 
BIM-supported design processes can also make use of the automation 
possibilities of the ETL technology in the exchange and transformation of data 
between design and analysis. Also, many of the findings concur with results 
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published by other authors (see Chapters 4 and 5), and some of the developed 
performance models have been applied in practice. 

However, as noted by Eisenhardt (1989), it is up to the reader to judge the 
credibility of case-based research. 
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4 SUMMARY OF FINDINGS 

 

4.1 The ETL workbench 

This chapter summarizes the methods generated in the studies underlying this 
thesis for developing, visualising and analysing performance models of urban 
systems using ETL. It also outlines the results: maps, 3D city models, reports, 
diagrams and tables providing information that can be used to visualize current 
(and projected) situations in terms of variables such as energy use, building 
costs and incomes. Normally, the extraction and integration of performance 
indicators in 3D city models requires substantial manual work, and (thus) is 
likely to become error prone. Thus, ETL workbenches were created using the 
visual programming interface in FME, which allows rapid development of 
prototypes that can be used to generate urban performance models. 
Connections to extracted data sources, transformers and aggregation routines 
can be quickly changed, allowing the user to readily explore various ways to 
create and analyze consequences of constructed workflows.  

Figure 4.1 shows the transportation workbench used in Paper 4, “An integrated 
BIM-based framework for minimizing embodied energy during building 
design”. The developed workbench tracks transportation distances between 
suppliers and construction sites. The workbench consists of readers that extract 
the source data (shown in brown), the user-developed transformers (green), and 
standard FME transformers (blue) and writers that export the information 
(brown). In this case the address of each supplier is extracted from the database 
containing Environmental Product Declarations (EPD). Together with the 
construction site’s location, extracted from the BIM model, the data are 
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recursively used as inputs to Google Maps (GM) API to estimate the 
transportation distances between each supplier and the construction site. In a 
recursive cycle, the estimated distances from the GM API are then loaded into 
the database application for the final assessment. The workbench handles 
vector points, XML format and data tables, and uses both online API and 
offline transformers for the calculations. 

 

Figure 4.1:  Workbench example from Paper 4.  

In the same manner, workbenches for the other cases were developed for 
performance analysis of social aspects, past and future energy use of the city of 
Kiruna, and past and future renovation costs of the multifamily building stock 
in Sweden. 

The numbers of transformers in the developed workbenches ranged from a few, 
as in the example illustrated in Figure 4.1, to hundreds in the performance 
model of the multifamily building stock in Sweden. 
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Next, the three elements (extract, transform and load) of the ETL process are 
presented in more detail. The chapter ends with the applied process validation 
procedures, i.e. how the quality of the steps and output of the workflow was 
checked. 

4.2 The extraction process 

Data from various sources in different formats need to be extracted, often by a 
combination of queries and translation, to create models of the urban 
environment such as 3D city models and maps. In the cases considered here, 
data extraction was often an iterative process since it was not always possible 
to identify all of the required data sources directly. The data sources used were 
first analyzed, partly to identify issues with data quality, completeness and 
fitness for the purpose of the model. Another important reason was to 
determine how the data could be related to other sources of information in 
order to join different datasets in the integration and transformation step. For 
example, sometimes the completeness of a specific attribute could be checked 
by comparing aggregated sums from different data sources, as illustrated by the 
example in Table 4.1 used in the Sweden 1 case study. 

 
Table 4.1:  Numbers of buildings, total usable areas (BOA+LOA; residential 

+ non-residential area) and heated area (Atemp) and percentage of 
available information on construction, reconstruction and value 
years in the datasets used in the N1 case study. 

Dataset 
Multi-family 

buildings 
LOABOAA 

 (106 m2) 
tempA  

(106 m2) 
cY  

(%) 
rY  

(%) 
vY  

(%) 

Building register 152 470 79.9 - 96.5 39.1 98.2 

Property register - 170.3 96.1 43.7 99.8 

EPC register 138 444 - 211.7 100.0 - - 

Energy Agency* - 191.6 - - - - 
*Swedish Energy Agency report 2014 

In addition, each data source has a specific set of characteristics that must be 
managed in terms of understanding both the data models and the information 
represented by geometries and attributes. Sizes of the extracted datasets 
(mostly file-based) vary from hundreds of kilobits to gigabytes, depending on 
the level of detail of the model. Spatial data of the built environment in Sweden 
comes mainly from Lantmäteriet, (sometimes through data portals such as 
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https://www.geodata.se/ and https://maps.slu.se/) but some was also collected 
from the relevant municipalities in the case studies. Other key information was 
obtained from the following sources. SCB (Statistics Sweden) provided 
demographic statistics, such as median income and age. Boverket (the National 
Board of Housing, Building and Planning) provided energy performance 
declarations of the multifamily building stock. The mining company LKAB 
provided information about areas where buildings and other facilities need to 
be relocated due to subsidence (actual or anticipated). TVAB provided 
information on energy use by the district heating system in Kiruna and data 
from surveys of social sustainability in Gällivare and Malmberget. A complete 
list of data sources used in the case studies is shown in Table 4.2.  

Table 4.2: Data registers used in the case studies. 

Type of data Description Source 
Property register Building data and property information Lantmäteriet 

Property map Building footprints Lantmäteriet 

Height data Geotiff and Lidar data Lantmäteriet 

Aerial photo Mostly Geotiff. Photographs taken from 
elevated/direct down position 

Lantmäteriet 

Demographic zones Squares and borders of municipalities and 
counties 

SCB 

Municipality and real estate 
groups 

Databases with municipality categories and 
real estate groups of the public owned 
category 

SCB, Boverket and SABO 

Mining data Areas affected by mining subsidence, so 
buildings must be relocated 

LKAB 

Building data Various building data delivered from 
Gällivare and Kiruna municipalities as 
polygons and points 

Gällivare and Kiruna 
municipalities 

Energy data Energy performance declarations of the 
multifamily building stock in Sweden 

Boverket 

Transport data Transport distances and modes Google API 

Population data Small test to extract population data by 
address from webpages 

Hitta.se , Eniro.se and 
upplysning.se 

Social data Data acquired from surveys in Kiruna and 
Gällivare 

Arbetsvetenskap 

Energy data Properties’ energy use of district heating in 
Kiruna, in kWh per day. 

TVAB 

Building information model Building information model used for analysis 
of embedded energy  

BIM developed by authors of 
Paper 3 from drawings  
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As shown in Table 4.3, the extracted and transformed data represented 
information on scales ranging from county level (level 1) to building level 
(level 5) and of diverse types (point data, vector data, raster data and text). 
Much of the data is on the building level while the demographic data is 
aggregated on 250 x 250 m squares to protect the privacy of the inhabitants. 
The assumption regarding the building age when renovation is needed is 
independent of location, while energy requirements and potential energy 
savings are dependent on location. The ownership categories are the same for 
the whole of Sweden and thus set to the county/national level.  Rasters are seen 
as one object representing a whole area e.g. aerial photo of a district, region or 
nation depending on zoom level, but can be divided into many sub-rasters 
using vectors. For example, building footprints were used to clip ground and 
height raster in order to estimate the ground level and roof level of a building. 

Table 4.3: Data types their representation and level of scale  

Level 
Type 

Building level SCB square (250 
x 250 m) 

District level Municipality level County and 
national level 

Point 
data 

Address 
Building Entrance 

Apartment 
Building 

- - - - 

Poly-
gon 

Building footprint Statistical squares Property maps, 
Demographic and 
Subsidence zones, 

Infrastructure 

Municipality 
borders 

Regional borders 

Raster Building height 
Aerial photo 

Aerial photo 
 

Aerial photo Aerial photo Aerial photo 

Text, 
tables 
XML 

Energy use, 
Transport, 

Population survey 
data, Property 

register 

 Property data Municipality 
groups, Energy 
requirements 

Renovation 
assumptions, 

Future and past 
renovation costs, 
Energy savings 

assumptions 

 

The extracted data from the various sources were provided in diverse exchange 
formats, such as tabular data files (.xls, .csv), text files (.txt) or standardized 
building and spatial data formats (e.g. geotiff, lidar data, IFC and Revit 
building models). So, the spatial ETL tool had to handle all these data formats 
to provide the interoperability required for integration of building and 3D city 
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models. Thus, FME was used in the developed ETL workbenches, as it can 
manage more than 350 different data formats.  

Samples of the full dataset were initially used in most cases before the full 
datasets were processed. This reduces the time required for developing a 
workbench, since it decreases memory demands, loading times and process run 
times, which was particularly useful in the Sweden 1 case study.  

Such data sampling can be implemented either on the reader side, by adapting 
the queries (spatial and non-spatial), or by introducing staging (if the data 
changes relatively slowly, as in the case studies considered here). A staging 
process was introduced in the last case study N1 due to the large amount of 
data that had to be managed. This staging process filters out unnecessary 
information and merges the input data to create a coherent dataset of the 
multifamily building stock, thereby increasing the speed and stability of the 
ETL process and reducing the likelihood of crashing. 

Very few problems occurred in the extraction of data from files with mature 
formats such as shp, xls, csv, xml and html. However, more occurred when 
reading more modern object-oriented building information formats, e.g. IFC 
and the specialized rvz (IFC with additional, zipped CSV files) exports from 
Revit. 

Figure 4.2 shows two examples of errors that occurred. As noted by Gökcke 
and Gökcke (2010) when importing data from IFC files, solid parts of an outer 
wall were sometimes missing. However, the software provider later fixed this 
bug. The other illustrated error is that objects sometimes extended beyond 
cutting limits, such as the wall extending beyond the roof in the figure. This 
was fixed in the BIM design by adding a fixed limit to the extent of the wall at 
the roof.     

4.3 Transformation process 

Transformation is the step after extraction of the source data and is the core of 
an urban performance model (or any ETL model). In it, transformers provided 
by the ETL software or developed by the user are applied to build the content 
of the exported information model (see for example Figure 4.1). Normally, 
both spatial and non-spatial transformers are used to build and integrate the 
evaluation model.   
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Figure 4.2  Examples of extraction error. Top-right, solid parts of an outer 
wall are missing. Bottom right, an outer wall extends beyond the 
roof.  

4.3.1 Definition of performance indicators and evaluation criteria 

The performance indicators, evaluation criteria and targets to use in each case 
were determined by the stakeholders involved or taken from national goals. 
Results of the spatial analysis were used, together with non-spatial data, to 
create the performance indicators in the models applied to evaluate various 
alternatives or scenarios. The following models were developed and evaluated: 

 An energy performance model of the building stock in Kiruna to 
evaluate if the energy use can be reduced by 50% by 2050 (the national 
target) if all buildings in the mining subsidence zones are replaced by 
low energy houses (case K3 in Paper 2). 
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 A model of social values in the city of Gällivare, based on a large 
survey, was used to analyze spatial variations of citizens’ perceptions of 
the built environment (case G1 in paper 3). 

 A sustainability performance framework, developed to assess the 
embodied energy associated with the production and transportation of 
materials, was tested in a case study showing that a building’s energy 
use and carbon footprint can be significantly reduced by accounting for 
the impact of the material supply chain (case K4 in Paper 4). 

 An energy atlas, for visualizing and analyzing the energy use and 
renovation needs of the multifamily building stock in Sweden, can be 
used to evaluate renovation strategies in relation to national energy 
consumption targets (case N1 in Paper 5). 

 A model for assessing impacts on the built environment of mining 
subsidence in Kiruna was constructed for LKAB, and used to evaluate 
how many citizens, residential buildings and infrastructural elements 
(roads, railroads and utility networks) will need to be relocated by 
various times under scenarios with various mining and subsidence rates 
(Case K2). 

4.3.2 Attribute transformations 

Diverse sources provide input datasets, which must be prepared for later 
processing. This involves attribute transformations that clean, re-structure and 
modify the input data so it can be used in later operations (see Table 4.4). 

Table 4.4:  Names and descriptions of applied attribute transformations 

Transformation Description 

Create new attributes 

Attributes can be filtered and mapped to new attributes either by numerical 
values or attributes’ names, for instance, if data sources use different codes, 
e.g. for multifamily building categories.  New  attributes  can  be  created  by 
combining  multiple  text  attributes  to  form  a  unique  key  and/or  calculated 
estimates.  Also, many attributes were combined into one attribute through 
concatenation, e.g. concatenating energy savings proposals from the EPC in 
one attribute.  XML tags were also re-structured using tabular form attributes 

Divide attributes 
Splitting of single attribute to create new categories, for example ownership 
organization of multifamily buildings (Riksbyggen, HSB etc.) was extracted 
by string searching.  Attributes were also split using regular expressions.  

Modify attributes 
For example, the Swedish characters å, ä & ö were replaced using string 
replacement or string searching. Changing lowercase strings to uppercase 
strings was also a common operation.  
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4.3.3 Spatial transformations 

Spatial analysis is a core element in the development of urban performance 
models. Spatial data integration rules are often defined to aggregate objects 
belonging to a specific zone, as illustrated by the following examples: 

 Buildings affected by the mining subsidence zones: Buildings is 
treated as a whole and cannot be divided. To estimate which buildings 
that are affected by the different mining subsidence zones the nearest 
neighbor transformer was used. Three options are possible when part of 
a buildings footprint is within a subsidence zone: 1. The earliest 
developed; a building belong to the earliest developed subsidence zone. 
2) The latest developed; a building belong to the latest developed 
subsidence zone. 3) The major part; the building belongs to the zone in 
which the majority of the building footprint is located. Method 1 was 
used in the K2 and K3 case studies, where the subsidence zone was 
stored as a building attribute see Figure 4.3. 
 

 

Figure 4.3:  The building belongs to the earliest developed subsidence zone, 
i.e. the red buildings belong to the 2023 red zone, the yellow 
buildings belong to 2028 yellow zone and the green buildings 
belong to the 2035 green subsidence zone.  

 Infrastructure affected by the mining subsidence zones: Effects of 
the subsidence zones on the utility networks were classified in the K3 
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case study as: directly affected, i.e. cut off by the subsidence zone 
(marked in red in Figure 4.4); indirectly affected, i.e. connecting 
network is cut off (marked in yellow); or unaffected (marked in green). 
 

 

Figure 4.4:  Consequences for the utility networks of the mining subsidence 
zones the year 2023 to the left and 2028 to the right. Utility 
network directly affected in red, indirectly affected in yellow and 
unaffected in green.   

 

 Merging of building information with statistical squares: Another 
spatial method that was used was to take the center point of a 
building’s footprint and make a spatial join with a SCB statistical 
square. The center coordinate was also stored as a building attribute 
that could be subsequently used for the estimations in the K2, K3, G1 
and N1 case studies. 

 Estimation of distances: The nearest distance between roads and 
center coordinates of buildings were automatically measured and 
stored as attributes and later used in statistical analysis in case study 
G1 (Paper 3). 

 Creation of LOD (level of detail) 1 buildings (3D cubes): It is 
possible to generate LOD 1 (3D) buildings from aerial light detection 
and ranging (Lidar) data by extracting point clouds of each building 
using the building footprint from the National Property map. The 
building height is then calculated as the difference between the highest 
points in the Lidar data that lie within the footprint and the ground 
level (geotiff). The footprint can then be extruded from the ground to 
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its average roof height and colored according to the application e.g. 
function, energy use etc. The Lidar data and ground level are available 
for the whole country, implying that LOD-1 3D models of all cities in 
Sweden can be automatically generated. The method was used in case 
studies K2, K3, G1 and N1. 

 Area clipping: In this technique, the area of one polygon (S1 or S2) is 
clipped against another area (A1 or A2) in order to estimate the 
resulting areas of S and A. It was applied in the K2 and K3 case study 
to estimate the population in a mining subsidence area, using clipped 
demographic squares, as illustrated in Figure 4.5. 

 

  

Figure 4.5:  Estimation of population using clipping of subsidence zones 
versus demographic squares. 

4.3.4 Aggregation, sorting, expressions and formatting transformations  

The spatial joins and string joins create groups of aggregated values that can be 
used to evaluate performance indicators of the urban systems. Often an area or 
an attribute key is used to aggregate values into sums and average operations. 
Table 4.5 exemplifies the most frequently used transformations.  

4.4 Loading and validation 

Loading is the process of writing the transformed data into the desired database 
or output format for visualization and evaluation. However, before a 
performance model can be published it is important to validate both the ETL 
process and the resulting output.   
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Table 4.5:  Names and descriptions of the most frequently used 
transformations  

Transformation Description 

Expression evaluation 

Performs a mathematical calculation on the incoming data features. This was done 
both before and after aggregation.  For instance, the performance indicator energy 
savings was based on the following equation in paper 5: 

   jjji AQq )(  ; jj Qq   

 
The evaluation needs to be on building level before municipality-level aggregation, 
while municipality-level energy savings per square meter can be evaluated after 
aggregation.  

Aggregation Combines performance metrics for use in maps and tabular outputs aggregated on 
selected LOD, e.g. demographic zones (250 x 250 m), municipality, and county and 
time for analysis of re-construction or future investments. Sums and averages of 
each aggregated performance indicator were calculated. Aggregates can be grouped 
by spatial or (non-spatial) attribute-based criteria or a combination thereof. For 
instance, in K2 and K3 case studies, the mining subsidence (spatial) zone and 
building type from EPC was used to create 12 different categories. 

Formatting 
Length of individual attributes. Data types can either be codes or names in which the 
attributes are numeric or alphanumeric data types. The lengths of the different 
attributes vary in the reconciled sources and are therefore standardized. 

Sorting 

Sorting is necessary for calculating accumulated values and improving the 
workbench performance when aggregating, validating and performing look-ups. 
Sorting was required in order to calculate the accumulated savings in the Sweden 1 
case. 

Duplicate remover 
Before aggregation steps it is important to check that no duplicates are present in the 
input data, e.g. copies of features (objects) with identical attributes. This was 
especially important in the N1 case 

 

4.4.1 Process validation 

During development of the workbenches the datasets extracted and processed 
at each ETL stage were checked to detect missing features or wrongly 
integrated data.  A missing feature is often due to failure in the spatial and/or 
string joining, and can be spotted by checking the number of features going in 
and out a specific transform. Integration errors often arose because 
mathematical operations could not be executed, resulting in warnings in the 
log-file and a zero, blank or null value. Other measures included checking 
aggregation procedures by comparing values before and after their application 
to make sure that the values had not significantly increased or decreased in size 
without a relevant explanation in the process, e.g. join failures. 

4.4.2 Spatial validation  

In case study G1 a geospatial validation procedure was developed to check the 
spatial representability of the source dataset, in which numbers of respondents 
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in Gällivare, case G1, were aggregated in SCB’s demographic zones and 
compared with population data (see Figure 4.6, Figure 4.7 and Paper 3). 

 

Figure 4.6:  Aggregation of respondents in the geospatial validation of the 
surveys in case study G1.  

As shown in Figure 4.7, there was a strong correlation between the population 
density and number of respondents in the 250 m x 250 m SCB squares, which 
was used to confirm that respondents in the survey (or, more strictly, their 
residences) were spatially well distributed. 

 

Figure 4.7: Population in Gällivare between 20–80 years old (right y-axis) 
and numbers of respondents (left y-axis), aggregated in 250 m x 
250 m squares. 

The same method was used to validate the spatial distribution of energy 
performance certificates (EPCs) in comparison with the location of multifamily 
dwellings in Kiruna (case K2) and Malmö (case N1). In Figure 4.8 the 
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aggregated number of multifamily buildings with EPCs in each demographic 
square in Kiruna is compared with the total number of multifamily buildings 
found in the real estate property register.  
 

 

Figure 4.8:  Aggregated number of EPCs for each of the demographic zones 
in Kiruna (blue line) and total number of multifamily dwellings in 
each zone according to the national property register (red 
columns).  

4.4.3 Visual validation  

Results of the spatial matching and aggregation procedure were also inspected 
in various visualization tools like Google Earth at different levels of scale. The 
aggregated levels were checked for missing data, due (for instance) to 
misspelling of names of municipalities or districts causing joining failure and 
(hence) holes in aggregated maps, as illustrated in Figure 4.9. 

4.4.4 Spatial visualization and analysis  

The last step in the loading process is preparation of the output for the 
receiving software. This can affect the styling and modification of attributes. 
The user should make sure that the receiving software can handle both the size 
and structure of the output, especially when using visualization tools such as 
Google Earth, Power maps and Infraworks (it is less problematic when the 
output is passed on to analytical software such as Excel).   
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Figure 4.9: Errors detected by visual inspection. To the left, misalignment of 

a subsidence zone causing errors in quantity take-off of buildings. 
To the right, the municipality of Malung-Sälen is missing due to 
an error in the transformation process. 

Deliveries were also adapted to stakeholders’ preferences regarding both the 
level of aggregation and types of software that were available to the end users. 
The output (the Load in ETL) has been exported to the following software 
platforms: 

 2D/3D/4D KMZ models of areas, buildings and infrastructure were 
visualized in Google Earth and Cesium;  

 Heatmaps and 3D charts of demographic data and social values were 
visualized in Microsoft Power map;  

 3D city models of buildings and infrastructure were loaded in the urban 
planning tool Infraworks and ArcGIS; 

 3D city models of buildings and infrastructure were loaded in the game 
engine Unity 3D and GeoVisionary, a specialist software for high-
resolution visualisation of spatial data; 

 3D city models of building and infrastructure were loaded in 3D PDF; 

 Data tables (data marts) of various aggregated values were loaded in 
Microsoft Excel.  
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The output of large models must be optimized for the receiving software by 
reducing the amount of data transferred without losing important modelled 
information, for example by specifying which features should be visible in the 
different regions, or LOD and DEM (Digital Elevation Model) simplifications. 
Key components of the ETL workbenches for such purposes were spatial data 
warehouses, which can integrate distributed sources of information, organize 
data structures and provide easy-to-use spatial OnLine Analytical Processing 
(OLAP) tools in the form of diagrams, maps and (3D/4D) models. As 
previously mentioned, an OLAP cube is a multidimensional representation of 
the precomputed analysis offered by a data warehouse, often in the form of 
aggregated key performance indicators for specific purposes. 

A hypothetical OLAP cube for the developed energy and renovation atlas can 
provide various performance indicators aggregated on various levels of scale 
and time, as shown in Figure 4.10, which illustrates the different levels of scale 
of the energy and renovation model of the multifamily building stock in 
Sweden. 

1 2

3 4

5

6 7  

Figure 4.10: A hypothetical OLAP cube for the energy and renovation atlas  
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The technology enables the creation of OLAP views for different stakeholders. 
Diagrams are suitable for visualizing aggregated values over time for a specific 
dimension and scale for planning and follow-up on a strategic level. In 
contrast, the models are suitable for operational levels to identify buildings or 
districts that need more imminent actions. For example, publication of the 
energy and renovation atlas on a geoportal could be a suitable way to distribute 
information about the state of the Swedish multifamily building stock to 
private and public users, such as real estate companies, construction 
companies, energy suppliers, consultants, urban planners and energy advisors. 
However, the level of scale might be of concern for integrity and privacy. 
Statistics Sweden 250 m x 250 m grid could be an appropriate level of 
aggregation to protect the privacy of residents. 

Stakeholders need this kind of information on different levels of scale to meet 
their own requirements. National authorities need aggregated information 
about urban performance indicators to support planning and monitoring of 
changes or progress related to national strategies. Information on city/district 
level can support local authorities and planners, while energy advisors or 
facility managers require building-level information (Table 4.6). 

Table 4.6:  Applications, stakeholders and usage scenarios of the renovation 
atlas 

LOS Dataset Illustrative application Stakeholders and usage scenario 

0 - 2 
Aggregated EPC on 
national, county or 
municipal level 

Characterization of the building stock by 
age, ownership & tenure, location, energy 
use, requirements and supply 

National and regional level 
governments:  Development and 
follow-up of national and regional 
renovation strategies. 

3 - 4  
Aggregated EPC on 
district or 250x250 
m zone level 

Characterization of the building stock (see 
above) in combination with demographic 
statistics such as median income, education 
and age of inhabitants  

City planners and local government: 
Operational level planning, decision-
making and follow-up of energy use.  

5 
EPC on individual 
building level 

Visualization of the energy performance of 
the multifamily building stock in Sweden 

City planners, energy advisors, 
facility managers: Visualization of 
building-level energy performance 
to support operations.   
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5 DISCUSSION 

The first three sections of the chapter discuss findings related to the research 
questions posed in Chapter 1, and the final section considers the fulfilment of 
the research aim through (for example) the development of the ETL 
workbenches and the applications enabled by their architecture. 

5.1 Extraction and combination of spatial and non-spatial information  

In the presented cases where ETL methods were used, data were integrated 
through a “standardized” process developed for specific applications instead of 
using common schemas. Kang and Hong (2015) labelled this method a system-
based approach for the integration of heterogeneous data. In this way, the ETL 
process handles the semantics and interoperability. Case study K4 provides a 
good example of the combination of standardized and non-standardized 
information in a structured reusable ETL process. Quantity take-off 
information extracted from the BIM model (in IFC format) is combined with 
information from Google Maps API to calculate transportation distances of 
deliveries from suppliers to construction sites.  This offers a method for 
customizing information deliveries “on the fly” using original data sources 
according to defined requirements. The flexibility and customization are kept 
in the process rather than in the delivered model. Standardization of data 
formats is still important, and vital for the successful integration of 
information, but standardization of the process provides a means to add data 
from non-standardized data sources. This is especially important in delivering 
performance models of urban systems, since information needs to be collected 
from a variety of distributed data sources and integrated.  
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The focus for case study N1 was the management of the large datasets involved 
in creation of a national atlas for the multifamily building stock. Energy 
performance declarations from Boverket, population statistics from Statistics 
Sweden and property registers, and the data from the national height model 
(NNH) from Lantmäteriet enabled creation of a performance model of the 
multifamily building stock covering the whole of Sweden. Staging described 
by Golfarelli and Rizzi (2009) was introduced to manage the massive amounts 
of input data in the extraction phase. Filtering and merging of input data 
reduced the processing time by almost 95%. 

However, there are limitations in the data integration afforded by the system-
based approach, and although no customized readers were needed in this 
research, the development of new or adapted readers to extract data from 
propriety formats requires specialized skills and knowledge of API and 
schemas (Kang and Choi, 2015). 

Thus, further development and use of standards for modelling buildings and 
infrastructure, e.g. IFC and CityGML will be important to support data 
integration, analysis and management of our built environments over their life 
cycles (Ridefelt, 2011; Tarandi, 2015).  

5.2 Transformation and quality inspection 

The performance models developed in the case studies included numerous non-
spatial and spatial transformers in FME for calculating and/or selecting 
performance indicators and geographic areas of interest. Typical non-spatial 
transformers used included tabular operations, input selections, separation of 
input structures, normalization and de-normalization of source structures, 
aggregation, resolution of missing values and regular expressions for the 
extraction of names and addresses (Ponniah, 2009). Spatial transformers were 
used for re-projection, clipping geo-referenced datasets against geometric 
boundaries, inserting vertices, neighborhood finding and 3D forcing (extruding 
building footprints). 

The block buildings were extruded to their average roof heights, estimated 
from Lidar data, partly because the CityGML definition of LOD 1 buildings 
does not include the roof structure (Gröger and Plümer, 2012). The lowest 
point of the roof could be used as a measure of the height of a building without 
its roof, but to minimize errors in height an average value of the points within 
the footprint was used to estimate the roof height of each building. The average 
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vertical accuracy of the National Lidar data is ±0.1 m and the horizontal 
resolution 2.0 m (Lantmäteriet, 2016). 

The performance indicator of the socio-economic consequences of retrofitting, 
applied in case study N1, was calculated using spatial joins of population 
statistics from Statistics Sweden and building information from Lantmäteriet 
and Boverket. The same technique can be used to estimate socio-economic and 
environmental performance indicators listed by Alberti (1996) and Mitchell 
(1996) to identify inequalities and impact areas at various spatial scales, as 
illustrated for example in Figure 4.10.  

Very few papers have been found regarding methods for quality assurance in 
either the development of spatial ETL workbenches or performance models. 
However, Bimonte et al. (2014b) proposed some credibility and precision 
measures to control volunteered geographic information and Kyung (2012) 
discussed strategies for geo-spatial updating to increase the quality of national 
repositories of geographic information. The quality inspection procedures used 
in the development, visualization, and analysis of performance models in the 
studies underlying this thesis were: 

 Triangulation and visual inspection of spatial and non-spatial joins and 
aggregation of information extracted from multiple data sources. For 
example, Boverket’s EPC data were compared with Lantmäteriet’s 
property data in terms of completeness and aggregated sums. 

 Visual inspection of performance indicators. The energy use [kWh/m2 
year] data covered various levels of scale, from individual buildings to 
aggregated values on district, municipality and county levels. Errors 
were detected as holes in the energy map, as illustrated in Figure 4.9. 

 Validation of spatial representations. In studies K3, G1 and N1 the 
spatial representativeness of respondents was spatially validated against 
the population using Statistics Sweden grid (250 x 250 m) covering the 
whole of Sweden (see Figure 4.7 and Figure 4.8, respectively). 

5.3 Generation and use of performance models 

It is important to understand who is going to use results of models generated 
using ETL workbenches, and how they are going to use them, in terms of level 
of scale, content, format and purpose. Findings presented in Paper 2 indicate 
that 3D city models of energy use facilitate the work of energy advisors, in 
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accordance with previous reports that 3D models can provide better 
understanding of, and accessibility to, a common representation of building 
projects for stakeholders than 2D models (Johansson, 2016; Roupé, 2013; 
Woksepp and Olofsson, 2008). Similarly, maps and tables from the energy and 
renovation atlas have been used to support the development of national 
renovation strategies by Boverket and Energimyndigheten (the Swedish Energy 
Agency), in accordance with findings that thematic maps from a common 
performance model make sense and provide decision support for business users 
(Karabegovic and Ponjavic, 2012). 

The multidimensional representation of performance indicators (in spatial 
OLAP cubes) can also support decision-makers’ attempts to promote 
sustainability on national, regional and local levels (Mitchell, 1996). However, 
the level of scale might be of concern for the integrity and privacy of citizens. 
Statistics Sweden 250 m x 250 m grid could be an appropriate level of 
aggregation to protect the privacy of residents. 

5.4 Methods for developing urban performance models 

The visual programming interface in FME enabled rapid development and re-
use of all or parts of the workbench in the different cases. It also facilitated an 
iterative development process that incrementally improved parts of the 
workbench. The basic structure of the ETL prototype covering the whole of 
Sweden, case N1, was initially developed in case studies K2 and K3. The 
visual programming interface together with the possibility to use Regular 
expression and scripting languages such as Python enable creation of highly 
customized ETL workbenches. 

Ideally, new workbenches should be developed in iterative cycles, starting with 
a few transformers and small datasets to facilitate inspection of operations and 
ensure that the transformations in the information workflow operate as 
intended. A finished workbench may include several hundred transformers, and 
their operations are by far the most time-consuming activities in the creation of 
data warehouses (Ponniah, 2009; Vassiliadis et al., 2002). 

The architecture of the prototype workbench used in case study N1 is 
illustrated in Figure 5.1. The data warehouse layer consisted of a simple file 
repository, where the different dimensions of the performance models were 
stored. The architecture resembles the hub-and-spoke architecture shown in 
Figure 2.3 (Golfarelli and Rizzi, 2009). The first ETL prototypes used in case 
studies K2 and K3 did not include the staging layer, so their architecture was 
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more like the independent data marts architecture illustrated in Figure 2.3. The 
amount of data managed (especially spatial data) seems to be the key 
determinant of the need for a data staging layer.  

 

Figure 5.1:  Schematic illustration of the architecture of the developed spatial 
ETL workbench (Golfarelli and Rizzi, 2009). 
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6 CONCLUSIONS 

This chapter presents conclusions drawn from the research concerning the 
most important aspects of methods for the development, visualisation and 
analysis of performance models of urban systems, the scientific and practical 
contributions of the research, its limitations and suggestions for further 
research. 

6.1 Research aim 

The results show that spatial Extract, Transform and Load (ETL) technology 
provides highly suitable methods for the development, visualisation and 
analysis of performance models of urban systems. Case studies and prototyping 
were used as research methods to analyse, develop, examine, and compare the 
empirical results with theoretical expectations in six cases.  The developed 
prototype applications were used in:  

 Communication of urban plans;  

 Quantity take-off of city objects affected by mining subsidence;  

 Quantity take-off of building parts from BIMs to estimate supply chain 
transportation distances; 

 Visualisation and analysis of energy performance models of a city’s 
building stock; 

 Visualisation and analysis of social values of the built environment;  
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 Visualisation and analysis of energy use and renovation needs of the 
multifamily building stock in Sweden. 

The spatial ETL methods should be applicable in the development of 
performance models of buildings and urban systems using different 
performance indicators. In addition, the different dimensions of the case studies 
provide external validity for the findings.  

6.2 Scientific contributions 

 The system-based approach using ETL for integrating heterogeneous 
data offers a method for customizing information deliveries “on the fly” 
using original data sources according to defined requirements. The 
flexibility and customization are kept in the process rather than in the 
delivered model. Standardization of data formats is still important, and 
vital for the successful integration of information, but standardization of 
the process provides a means to add data from non-standardized data 
sources. The system-based approach opens new interoperability 
possibilities, especially in the development of BIM-supported design 
and construction processes where many stakeholders are involved.    

 Quality inspection and geospatial validation of any spatial ETL 
processes used are important for the credibility of performance models. 
During development, triangulation and visual inspection of spatial and 
non-spatial joins and aggregation of information extracted from 
multiple data sources can be used to check intermediate results 
produced by the ETL workbench. The performance models and 
aggregated maps should be visually inspected for errors. The spatial 
representation of sample indicators can be validated against the 
population using spatial grids (in this case Statistics Sweden’s 
demographic grid).   
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6.3 Reflections on and applied contributions of the spatial ETL process 

Extract: 

 An ETL workbench should be designed using small staged datasets to 
minimize run times between iterative adjustments.  Data can be filtered 
by both non-spatial and spatial methods. Extraction of spatial data can 
be especially time consuming.  However, building and infrastructure 
datasets normally have high quality and relatively small volumes, so 
they can be extracted relatively quickly. 

 The development of the extraction process provides information on the 
content and the structure of the data layer, which is very valuable for 
development of the transformation process.   

 Standardization of data formats is important to facilitate integration of 
urban performance models. However, there will always be a variety of 
file formats because they have differing pros and cons in the 
applications used. Thus, highly interoperable systems are required that 
can read and re-structure data into the target data model.  

Transform: 

 Merging data from several governmental organization is problematic 
because there are often no unique keys. However, this problem can 
often be solved by using a combination of non-spatial attributes and 
spatial joins based on location.  

 ETL workbenches can be shared by multiple users and authorities for 
the development of GIS/BIM performance models of buildings and 
urban systems, as illustrated by the development and extension of the 
Kiruna ETL workbench to generate a national-scale energy and 
renovation atlas. 

 Visual programming connecting predefined ETL operations facilitates 
the development of performance models. The rapid prototyping made it 
possible to build models for evaluating multiple performance 
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indicators, such as energy use, socio-economic aspects and renovation 
costs aggregated on different levels of scale.   

 The use of open web services provides new opportunities for advanced 
analysis of urban plans and building designs, as illustrated by the use of 
Google maps API to evaluate transportation distances between 
suppliers and building sites, and use of address API  for correcting 
addresses 

Loading for analysis and visualisation 

 Governmental agencies should increase the use of geo-portals for the 
provision of up-to-date statistics that can be used to develop spatial 
performance indicators. Relevant statistics regarding energy use from 
Energimyndigheten and Boverket were difficult both to find and 
combine spatially with data from Lantmäteriet.  

 Knowledge (and display) of spatial distributions of performance 
indicators developed from spatial and non-spatial data sources, 
aggregated on various levels, provides more holistic views of local-, 
regional- and national-level challenges 

 The visualization of performance indicators in models and maps 
improves engagement and understanding, and supports local-level 
operational work. Issues of privacy can be solved (in Sweden) by 
basing aggregation on Statistics’ Sweden demographic squares. 

 Building and demographic data changes relatively slowly, which 
reduces demands for updating performance models. This facilitates use 
of spatial OLAP cubes, for example for energy advisors that can be 
updated at a relatively low frequency.  

 National performance models, such as the energy and renovation atlas, 
can be developed and re-generated periodically using ETL technology 
since many data sources are standardized and hold datasets covering the 
whole of Sweden.  
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 During the research process the possibilities for creating urban 
performance models increased significantly due to the INSPIRE 
Directive and associated initiatives to increase access to raw data 
through open geoportals, especially for researchers. Nevertheless, 
substantial knowledge of GIS, BIM and ETL is required to create 
integrated urban performance models.  

6.4 Suggestions for further research  

Despite advances in various initiatives and investigations, including the studies 
this thesis is based upon, there are still needs for further research, including: 

 Examination of ways to deploy the energy and renovation performance 
model on a spatial OLAP server that is periodically updated to monitor 
progress towards the goals and objectives of the national renovation 
strategy; 

 Investigation of ways to store the 3D information in a building register 
by extracting, transforming and loading BIMs (in IFC format) to 
CityGML (LOD 4) and transferring the resulting information to 
Lantmäteriet property databases. This would add information that can 
be used for more detailed analysis of renovation needs, energy saving 
potentials and potential for energy generation from systems such as 
local wind turbines and solar photovoltaic panels.  

 Examination of ways to combine BIG data analytics, pattern 
recognition and genetic algorithms with ETL systems to develop and 
analyse performance models of urban systems. 

 Investigation of how parts of the ETL workbench architecture can be 
shared and adapted to create workflows for developing the urban 
performance model using other performance indicators, in different 
municipalities to share the developments and knowledge among 
organizations. 

 Further development of quality assurance measures to improve 
triangulation, classification and aggregation of data from diverse 
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sources to detect errors and missing information in datasets, and enable 
models users to report data quality issues in a suitable manner. 
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a b s t r a c t

Enhanced dissemination of information regarding energy saving and climate change targeted toward
property owners is considered to be an important strategy in order to reach the Swedish national target
of energy efficiency in the building sector by 2050. Here the municipality energy advisors and the
national register for energy performance certificates can facilitate the mitigation of energy use in the
building stock. So far few studies have focused on the practical road map to the national target of energy
use on the city/district level and to the communication aspects with stakeholders in the creation of
energy city models.
In this paper a city energy model is developed based on the requests and need for visualization from a

group of energy advisors. Six different scenarios are studied in order to analyze the possibility of reaching
the energy targets specified by the government in the town of Kiruna. The results show that: (1) it is pos-
sible to automatically create city energy models using extract, transform and load tools based on spatial
and non-spatial data from national registers and databases; (2) city energy models improve the under-
standing of energy use in buildings and can therefore be a valuable tool for energy advisors, real estate
companies and urban planners. The case study of Kiruna showed that the proposed energy saving mea-
sures in the energy performance certificates need to be implemented and new buildings in the urban
transformation must be of high energy standard in order to reach the national target in Kiruna.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Buildings account for 30–40% of the primary energy use and
corresponding carbon footprint in most countries, and the building
sector has been identified as one of the most important for energy
savings. The heated floor area for the building stock in Sweden is
estimated to 650 million m2, of which 46% are detached family
houses, 27% are multi-family residential buildings and the remain-
ing 27% are commercial and service buildings [1]. The Swedish
national target for energy efficiency in the building sector is to
decrease the energy use by 20% in 2020 and further to 50% by
2050, compared with the level in the year 1995. These reductions
are in line with the EU targets supporting the decrease of the global
CO2 levels demanded by the Intergovernmental Panel on Climate
Change (IPCC).

The Energy Advisors’ Program has been pivotal in implementing
energy saving measures in the Swedish building stock. Founded by

the Swedish government in 1998, the program assigns an energy
and climate advisor to all 290 municipalities in Sweden [2] to pro-
vide impartial guidance and information on various energy con-
cerns, for both residential and commercial consumers [3]. A
recent study revealed that while the Swedish energy advisors have
been successful in improving the energy efficiency of detached
houses, the program has limitations related to the extent to which
the behaviors of end-users can be influenced, and the energy advi-
sors’ working conditions, knowledge, and communication skills [2].

Since the beginning of 2009, apartment and commercial build-
ings have been required to make energy performance certificates
(EPCs) in accordance with the Swedish Building Act (2006:985).
The EPCs should also be made for detached houses when sold or
rented out. The EPCs are prepared by an independent energy
expert and stored in the National Board of Housing, Building and
Planning’s EPC register. The certificates contain information on
energy use, floor areas, service systems and suggestions for energy
saving measures. Currently, the national register contains about
550,000 EPCs of detached houses, apartment buildings and
facilities (public, commercial or industrial) that have been

http://dx.doi.org/10.1016/j.enconman.2016.02.057
0196-8904/� 2016 Elsevier Ltd. All rights reserved.
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completed since the Swedish Building Act (2006:985) was
introduced.

Based on the national register for EPC and other statistics, the
Swedish Energy Agency and the National Board of Housing, Build-
ing and Planning published a report in 2013 proposing new strate-
gies for reaching the national target of energy efficiency in the
building sector by 2050. A significant proportion of the existing
building stock was constructed before 1980 and uses about 80%
of the energy supply in the building sector. Therefore, besides
developing stricter energy standard requirements for new build-
ings, it is estimated that about 75% of the existing building stock
is required to be replaced or extensively renovated in order to
reach the national target for 2050 [4]. For example, the annual
energy use for space heating and hot water production per unit
of heated floor area, a normalized measure of buildings’ energy
use, is approximately 125 kWh/m2 in Sweden. There is a sufficient
technical potential for reaching the national target of energy use,
but better communication and cooperation with actors having
the possibility to implement changes are needed in order to do it
[5]. Mata et al. [6] had a similar conclusion and claimed that energy
saving measures can reduce the final energy demand of the Swed-
ish residential sector by 53%.

The enhanced dissemination through multiple channels of
information regarding energy saving and climate change targeted
toward property owners (and in particular the information about
the measures for reducing energy use in connection with renova-
tions) is considered to be an important strategy in order to reach
the 2050 target on energy use [7]. It is recommended that national
statistics regarding energy use should have the possibility to com-
pare and monitor the results of different energy saving measures
[8]. The statistics can then be used for energy efficiency work
and the energy use in regions can be analyzed and provide infor-
mation for the energy management [9].

Geographic Information System (GIS) can be applied to visual-
ize the energy supply and use in buildings’, from a city level [10]
to a regional-national scale [11]. Different visualization techniques
exist: thematic 2D map [12], the so-called ‘‘hit maps”, which are
aggregated data in 3D charts [13], and 3D city models with seman-
tic objects [14]. A more extensive literature review regarding the
visualization of energy use and the potential applications of EPC
data is offered in Section 2.

So far few studies have focused on how EPC can be used for road
maps and communication aspects to reach the national target of
energy use on city/district level. Previous studies in Sweden have
mostly been focused on a national level, although the EPC reposi-
tory contains data at individual building levels. Also, the possibility
of integrating EPC data with other national, regional and local
sources of data of the built environment should be investigated
in order to map and predict the energy use of future urban trans-
formations. Ideally, this integration should be automated to facili-
tate an up-to-date model of the energy use in the city. Therefore,
the aim of this study is to evaluate:

� How can the data from the national EPC register regarding
energy use of buildings be automatically aggregated, integrated
and visualized in a city model?

� How can such a model support energy advisors in their work to
disseminate information regarding energy saving and climate
change targets to property owners?

� How can the model be used to examine the possibilities/strate-
gies to reach the national energy target for buildings in 2050 on
the city level?

The paper is structured as follows. First, a literature review is
performed in the field of the visualization of energy use in build-
ings and the use of the national EPC register as data source. Second,

a prototype of an energy city model is developed and presented in
a workshop with a group of energy advisors. The objective of the
workshop is to discuss the current working methods and how
the energy advisors could use more advanced city models in their
advisory role to support the national energy targets. Then, the
method for aggregation, integration and operation of the energy
city model is further developed and applied as a case study for
the town of Kiruna, which is located in the north of Sweden above
the arctic circle. Large parts of the town are going to be moved
because of ground deformations created by the mining activities.
Based on the predicted urban transformation of Kiruna, the possi-
bility for the city to reach the 2050 national targets is evaluated
and discussed. Finally, the main findings are summarized in the
concluding section of the paper.

2. Literature review

Swan and Ugursal [15] classify the modeling approaches for
energy consumption in the residential sectors as top-down or
bottom-up. The top-down approach treats the entire residential
sector as one energy sink. The bottom-up approach adopts two
methodologies (the statistical and engineering methods) for
extrapolating the energy consumption for a representative set of
buildings on the regional or national level. Some shortcomings
for the bottom-up approach are presented by Kavgic et al. [16],
who make a critical analysis of the method. However, the
bottom-up approach can quantify the impact of different combina-
tions of technology measures.

Caputo and Pasetti [17] show that, in order to create effective
municipal energy plans, availability of energy data and awareness
are the basis for scouting, implementing and monitoring imple-
mented measures for reducing energy use in the building stock.
However, organizational issues and problems with interoperability
and data collection are highlighted. Also, there is no common
model to gather knowledge of the building stock or obligation for
municipalities to make energy plans. They propose a new strategy
using a concerted effort at both national and local levels, gathering
all the required data into a new Municipal Energy Model (MEM).

2.1. Development of 2D/3D models of energy use

Howard et al. [18] created a 2D model of the energy use (kWh/
m2) in the building sector for space heating, domestic hot water
and electricity for cooling in New York City. They concluded that
energy models of urban patterns of demand can be used by plan-
ners and policy makers to identify directions for the development
of a future urban energy infrastructure complying with the local
energy efficiency and emission targets.

Mattinen et al. [19] presented a method for estimating and visu-
alizing the energy use and greenhouse gas emissions from the res-
idential building stock using a bottom-up approach. The method
was tested in a case district where GIS was used to visualize the
use of energy and the emissions of greenhouse gases. Finney
et al. [20] showed that a comprehensive mapping of heat sources
and sinks can be used to link smaller systems to create a CHP-
based (combined-heat-and-power) city-wide network of energy
generation and delivery. Ramachandra and Shruthi [21] show that
GIS is suitable in the decision-making process for identifying and
analyzing potential locations for energy conversion plants. In addi-
tion, other relevant data can be added as layer information and
Pantaleo et al. [22] emphasize the importance of a total perspective
of urban energy systems, in order to evaluate urban planning sce-
narios and energy policies. Lee [23] presents a method using fuzzy
measures and fuzzy integrals to find the energy performance of
office buildings. The method includes heated floor area, tempera-
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ture, number of occupants, rain hours, and is suggested as an effi-
cient method for evaluating and ranking buildings’ energy perfor-
mance. Aydin et al. [24] present a GIS-based methodology for
identifying show locations of preferred energy sites, using mathe-
matical tools of Fuzzy Set Theory.

Singh et al. [25] analyzed the residential building stock of Liege
(Belgium) using survey data, including information on various
parameters such as the building’s age and structure, type of heat-
ing system, the fuel used, building insulation, and energy use.
The goal was to identify residential areas with high energy use
and propose measures such as increasing the insulation to make
the buildings more energy efficient. The areas were visualized on
the district level in a 2D GIS environment, but the values presented
were based on detailed information on the building level.

Tornberg and Thuvander [26] presented a GIS model of the
energy use per unit of floor area in Gothenburg (Sweden), using
data from real estate companies and aggregated district-level data
from the local energy supplier for the years 2000–2001. The energy
data from the three real-estate companies were limited to 680
buildings, so a statistical approach was developed to make a more
complete model using complementary data from Statistics Sweden
and building data from the Swedish national survey. Still, a lot of
manual work was needed in order to aggregate and integrate the
data in the GIS model.

Caputo et al. [27] developed a method for characterizing the
energy performance and evaluating the effects of different strate-
gies on the built environment in a city or a neighborhood. The main
phases involved the collection and analysis of available data of the
built environment and the implementation of a city building data-
base. The city of Milan was used as a case study to test the devel-
oped method.

Hong et al. [28] reviewed the possibility of visualizing moni-
tored energy data using the 3D GIS tool Google Earth. They high-
lighted the need of data integration in the monitoring,
diagnosing and retrofitting phases of a building. The article does
not clarify how the data aggregation and integration should be per-
formed or the potential for automation, as well as what stake-
holder or actor should use the proposed platform.

Carrión et al. [29] proposed a method for estimating the ener-
getic rehabilitation state of buildings using an automated process
based on the Feature Manipulation Engine (FME). Their virtual
3D city model included measured energy data in order to deter-
mine energy-relevant characteristics of the buildings, such as the
volume, the assignable area, the building type and the surface-
to-volume ratio (S/V). With the help of evaluated characteristics,
the energy performance kWh/m2 and energy use could be esti-
mated for other buildings and their rehabilitation state could be
derived. Kaden and Kolbe [30] proposed methods to create a
city-wide total energy demand estimation of buildings using statis-
tical data and a 3D city model. The study concludes that CityGML is
suitable for city-wide energy demand estimations.

Rodrigues et al. [31] argue that the building energy perfor-
mance cannot be stated by its shape. Instead, when architects
and urban planners compare different design solutions the thermal
performance should be included. Ratti et al. [32] also showed that
urban geometry has a relatively small effect on energy consump-
tion compared with the impact that can be attributed to system
efficiency or occupants’ behavior.

Agugiaro [33] presents a semantic 3D city model based on the
CityGML standard. The model is based on sub-optimal datasets in
order to estimate the energy performance of all residential build-
ings to obtain a city-wide energy mapping. The estimation can
be further improved by using better and more updated datasets.
The process required a significant amount of manual work and
could not be entirely automated since some of the datasets had
quality problems.

Strzalka et al. [34] created a method of forecasting the heat
energy demand of a whole city block, which was validated with
measured data. It was concluded that 3D city models are useful
for urban scale simulations but that the models need to be seman-
tically enriched according to a specific ontology (e.g. CityGML).

Dall’O’ et al. [35] developed a city model using the available
documentation on the building stock, such as cartographic infor-
mation, thematic maps and geometric data, in a medium-sized
town in Lombardy (Italy). Building energy performance data were
collected using energy audits on 93 sample buildings using a statis-
tical approach, and were then compared with the actual use of
energy. The GIS integration of data allowed a comprehensive
framework to be constructed for the visualization of the energy
performance of the building stock in 2D, although a lot of manual
work was required to integrate the building and energy audit
information.

Fonseca and Schlueter [36] presented an integrated model for
4D visualization of energy consumption in city districts and neigh-
borhoods. They concluded that the 4D visualization could be a cat-
alyst for discussions of urban planning and allowing a more
intuitive description of energy use phenomena in buildings.

2.2. Energy models based on EPC data

Dall’O’ et al. [37] used already available building energy perfor-
mance certificates (EPCs), introduced by the European Directive
EPBD. EPC provides individual information on buildings’ energy
performance. In many cases the EPC data sets are managed cen-
trally by an energy cadaster and the information in the archives
may also be used for other purposes. Wahlström and Hårsman
[38] describe the EPC as a document with various attributes. By
combining the EPC with data from other sources the knowledge
about the energy performance of the building stock is obtained.
Mangold et al. [39] state that the data generated from EPCs is use-
ful in order to describe the energy performance of the building
stock. The data quality was evaluated and they proposed improve-
ments, especially in the estimation of the heated area, A-temp, of
buildings.

Fabbri et al. [40] saw EPCs as an opportunity to observe and sta-
tistically analyze the energy performance of entire zones of a city
and not only of single buildings. This could be a way to support
both bottom-up and top-down model approaches. Furthermore,
the GIS map projection offers a good data model to evaluate energy
indicators and buildings’ energy characteristics related to city,
town or district. The map projection is a tool to link several kinds
of building data. However, considerations about automated aggre-
gation or about stakeholder use were not discussed in the article.

The use of city models (using 2D/3D GIS) has been increasingly
popular in the visualization of the energy performance of individ-
ual buildings or districts, from either measured values or energy
audits in studies of urban environments. City models of the energy
performance can be used to provide energy managers with com-
munication and decision support tools, and to motivate end users
to adopt energy saving measures. However, the creation of these
models requires the collection, aggregation and integration of data
with different formats frommany sources. The process of aggregat-
ing and integrating this information requires a lot of manual work,
with the risk of becoming error-prone.

3. Workshop with energy advisors

In Sweden one of the duties of the energy advisors is to dissem-
inate information regarding energy saving measures to end users
and property owners on the municipality level as part of the
national strategy for energy savings [3]. Therefore, energy models
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on the city level can be an important tool for energy advisors to
identify and target users and property owners with high energy
use.

A preliminary prototype was developed and published in Goo-
gle Earth showing buildings’ annual energy performance (kWh/
m2 and year) for the town of Kiruna. Each building was stylized
and colored according to the different energy classes from A (best)
to G (worst) defined by the National Board of Housing, Building
and Planning. The energy use was visualized in both the 3D view
(Fig. 1) and Google Street view (Fig. 2). Google Earth was selected
due to its portability on multiple platforms and devices that are of
importance if city energy models are going to be developed and
used by energy advisors, property owners and others with access
to the Internet [13].

In order to get information and feedback of its use, the energy
city prototype was demonstrated and evaluated in a workshop
with a focus group of 15 energy advisors from the counties of Nor-
rbotten and Västerbotten. The demonstration of the prototype was
followed by an evaluation session where the participants were
asked to fill in a web-service enabled questionnaire that displays
the collected results in graphs or tables. Responses to each ques-
tion were presented in real time to be discussed with the partici-
pants in the focus group to enhance the evaluation of the
prototype.

The questionnaire included 12 questions or statements belong-
ing to two categories. In the first category, the respondent had to
distribute 100 points among a number of alternatives, except for
one question in which only one of the alternatives could be chosen.
In the second category the respondents had to express how much
they agreed with a specific statement on a 5 point Likert scale. The
first six questions (in part 1 of the questionnaire) aimed to get a
deeper understanding of the energy advisors’ current work proce-
dures. This included how they collaborate and communicated with
different stakeholders and the importance of different types of
used information. The remaining six questions (in part 2)
addressed the potential use of the demonstrated prototype, the
most significant challenges for incorporating such a system in
practice, and the understanding and ease of communication with
external stakeholders using the demonstrated system in compar-
ison with other existing tools. The purpose was to identify the best
potential use of a city energy use model not only for the energy

advisors, but also property owners, energy companies, and resi-
dents (although this is from the point of view of the energy advi-
sors, who were the only interviewed party).

Results from the first part of the survey (Fig. 3) related to energy
advisors’ current activities indicate that:

� The energy advisors communicate mostly with owners of
single-family houses.

� The energy audits (EPCs) are the most important information
used by the advisors, but building information is also used.

� The communication methods used are mainly phone and email
(although energy advisors would like to increase the impor-
tance of personal visits or meetings).

� Normally, the energy advisors are contacted by citizens once or
twice a week for help regarding energy related questions.

When the results from the questionnaire were revealed, the dis-
cussion centered primarily on the poor communication among the
energy advisors and energy companies (the energy advisors in the
focus group spend less than 5% of their time communicating with
the energy companies). A few of the energy advisors requested bet-
ter collaboration not only with energy companies, but also with
other companies and industries manufacturing energy efficient
products. These products can be suggested to house owners as pos-
sible investments in order to reduce their energy use.

In the second part, the demonstrated city energy prototype was
evaluated. In Fig. 4 the results related to the energy advisors’
impression of the demonstration were shown and indicated that:

� Other stakeholders in addition to the energy advisors could
benefit from the use of a city energy model, e.g. real estate com-
panies and the energy companies.

� Legal and economic issues are the main barriers to implementa-
tion of the system.

� The system seemed to support best the advisors’ contact with
the external stakeholders, of whom citizens (i.e. individual
homeowners) and real estate companies were identified as
most important.

It was discussed whether the tool could be used to identify
neighborhoods with high energy use and for targeting initiatives,

Fig. 1. Google Earth prototype showing a particular area in the town of Kiruna, where the colored blocks enclose each building and represent the energy use; the red point
shows the position and the black lines the view direction shown in Fig. 2. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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for example, neighborhoods where direct electricity is still used as
heating source. The respondents recommended that in order to
avoid legal and privacy issues, a permission system should be
implemented giving rights on different levels from city and district
levels to access buildings and energy properties for each user. They
also suggested that the use of such a tool should start with visual-

ization of the energy use of buildings owned by the municipality
(such as schools, city halls, sports arenas and public premises),
because they are associated with fewer privacy issues than pri-
vately owned property.

There were discussions regarding the limitations of accessing
geographical information data in certain municipalities, and the

Fig. 2. Street view of the developed prototype specified in Fig. 1.

Fig. 3. Questions and answers from part 1 of the questionnaire, regarding the daily work as energy advisor. Question 1:1–1:5 show the average of the 100 points distributed
by the 15 advisors. In question 1:6 only one answer was to be selected and the number of people along the y-axis amounted to the 15 advisors attending.
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quality of the information, which is largely dependent on the size
of the municipality. Furthermore, the respondents noted that GIS
information is less important for a small community. as commu-
nity members often have local knowledge of the properties. Addi-
tional limitations that were discussed included the cost of
collecting property data.

The focus group supported the ability of the tool to provide an
overview of buildings’ energy use, as well as its usefulness in order
to communicate among stakeholders, especially decision-makers
and energy advisors. One energy advisor commented that, ‘‘[en-
ergy] is an abstract concept, [and it is] good to find simple ways
to communicate energy [issues] to laymen”.

Another highlighted aspect is that it would be valuable to show
historical energy levels by regions and neighborhoods as a motiva-
tional tool for stakeholders to implement energy saving measures.
Emphasis was also placed on the importance of including other rel-
evant city information such as the drain system and its connec-
tions, and other environmental indicators, such as radon
pollution levels (which are mentioned in the EPCs, and strictly con-
nected to the energy consumption of the required ventilation
system).

4. A method for generating city energy models

The workshop highlights the need for better tools for energy
performance visualization to support the communication with
property owners and other stakeholders. Also, the information
available from the EPC register is the most important source of
information for the energy advisor. The literature review indicated
that studies of the energy use at the city/district level have been
used to visualize the energy performance of buildings but also to
evaluate the effects of different strategies on the built environ-
ment. However, the creation of these models still requires a lot
of manual work; thus such a process is likely to become error
prone. Therefore, extract transform and load (ETL) technology have

been applied to create repeatable processes for generating city
energy models in 3D on various levels.

The use of ETL technology has been applied in other disciplines,
such as business intelligence, to manage big sets of data from dif-
ferent sources. The ETL tools are generally used to establish repeat-
able processes to extract data from multiple heterogeneous data
sources, transform collected data, and finally load the data accord-
ing to a given structure back to the database or to the target appli-
cation. The process removes mistakes and corrects missing data,
provides documented measures of confidence in the data, captures
the flow of transactional data for safekeeping, adjusts data from
multiple sources to be used together, and structures data to be
usable by end-user tools [41]. The ETL technology can provide
solutions to problems of interoperability in the AEC industry, as
reported by Gröger and Plümer [14] for 3D city models and Grilo
and Jardim – Goncalves [42] for building data.

The ETL tool FME (Feature Manipulation Engine) was used to
integrate spatial information with building and energy data [29].
FME can read and write about 300 different file formats and con-
tains a toolbox of transformers (such as clipping, joins, nearest
neighbor operations between vector objects) for extracting, trans-
forming and loading the data into a selected output format. These
transformers can be connected to create automated information
processes that can be re-used using a published workbench on a
cloud service or a server. The information process developed in
the case study is schematically shown in Fig. 5 and described
below.

1. 3D model creation: This step automatically processes and cre-
ates 3D buildings from aerial Lidar data by extracting point
clouds of each building using the building footprint from the
National Property map. The building’s height is then calculated
as the difference between the highest points (Lidar data) that lie
within the footprint and the ground level (geotiff). The ground
height model provided by Lantmäteriet (the Swedish Mapping,

Fig. 4. Questions and answers from part 2 of the questionnaire, the energy advisor’s impression of how the energy visualization tool can be used. Questions 2:1, 2:2 and 2:6
show the average of the 100 points distributed by the 15 advisors. In questions 2:3–2:5 only one answer was to be selected and the number of people along the y-axis
amounted to the 15 advisors attending.
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Cadastral and Land Registration Authority) is available for the
whole country. This implies that this kind of 3D model creation
can be automated for all cities in Sweden. Furthermore, a new
building type attribute that matches the one stored in the EPC
register (1-2 family building, multifamily building or facility)
was created to substitute the existing attribute for the property
data from Lantmäteriet.

2. Energy/cost aggregation: The declarations of the EPC from the
National Board of Housing, Building and Planning, contain
energy use, areas, other attributes and in particular a section
about suggestions for different energy reducing measures with
cost estimates per saved kWh. These suggestions are aggre-
gated for each declared EPC, and Eq. (1) was used in order to
calculate a weighted average cost per saved kWh.

Cweighted cost saved=kWh ¼
P

Ccost saved=kWh � Q savedP
Q saved total

ð1Þ

The aggregated energy savings (
P

Q saved total), total costs
(
P

Ccost saved=kWh � Q saved) and weighted cost per saved kWh
(Cweighted cost saved=kWh) were stored as some of the attributes for
the each building object of the model (see step 3). The descrip-
tion of the energy saving measures was also concatenated, but
used only in the Google Earth model.

3. Property joins: The 3D model created in step 1 is full of informa-
tion about the EPCs (step 2) and the national property register
of real estates. The aggregated EPCs were connected with the
national property register using the building addresses as com-
mon identifier. This was done because the building IDs in the
EPCs were missing and/or wrong for many buildings in the
dataset. The building objects in the 3Dmodel are full of relevant
information from the real estate property register such as type
of building, year built and re-built, property address and name,
living and local area together with information from the aggre-
gated EPCs such as energy performance and type of heating sys-

tem. This created two kinds of buildings in the 3D city model;
buildings with information about both real estate property data
and energy data and buildings that only contained real estate
property data.

4. Spatial zone joins: This process provides the possibility to join
spatially boundary zones, on both the local and the national
level. A national grid pattern of 250 by 250 m was used (speci-
fied as the Swedish demographic zones from Sweden statistics)
for the aggregated map analysis, which gives a normal spatial
join where each building is represented by its center point.
The mining subsidence zones were also spatially joined with
the building footprints in order to create a period attribute
showing when the building should be demolished. The period
and building type attributes were used later on in the aggrega-
tion phase to divide the whole building stock in Kiruna into 12
groups.

5. Merging and model export: This is the step of the process in
which filtering, supplementing of attributes and aggregation
of zone values (computation of average and sums) were per-
formed. Regarding supplementing, a new attribute was created
to classify buildings into buildings with EPCs and buildings
without EPCs. For buildings without EPCs the attribute A-
temp (heated building area) was estimated by multiplying the
living or local area by the constant of 1.2 [43]. Buildings that
did not contain information about the living and/or local area
were filtered out. Three aggregation levels were used, buildings,
Sweden demographic zones and mining subsidence zones.
Accordingly, three kinds of export types were prepared in this
step for the visualization and data analysis.

6. Visualization and analysis: This is the step where the data were
analyzed by the authors. Microsoft Excel was used to analyze
the aggregated statistics for mining subsidence and for spatial
validation. Microsoft Power Map was used to analyze the
energy use, savings and composition for the statistical squares

Fig. 5. Schematic overview of the developed automated extract, transform and load information process for generating energy city model for the town of Kiruna.
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as 3D charts. Google Earth was used to visualize the energy use
for individual buildings where the attributes included the full
metadata description of the EPCs.

5. Applied case study and results

The methodology described above was applied to the complete
city of Kiruna, in order to show how a city energy model can be
used to evaluate the city energy performance and the possibility
of reaching the government target for energy saving.

Kiruna has approximately 18,000 inhabitants and the latitude of
the city (150 km north of the Arctic Circle) results in an annual
average temperature between �1.5 and �3 �C. Due to the sub-
artic climate, a substantial amount of energy is used to heat
buildings.

The city holds the largest underground iron ore mine in the
world, with the ore body going under the city (Fig. 6), and as the
mining continues going deeper, ground deformations are starting
to affect the town. An essential part of the city buildings has
already been scheduled to be demolished, replaced or relocated
in incremental steps. The buildings that are to be demolished will
be replaced by more energy efficient buildings in the near future,
following the energy criteria that will have a positive impact on
the town’s energy performance [44].

Currently there are no city maps or models developed for visu-
alization and evaluation of the energy use in the building stock of
Kiruna. The available data regarding energy use are neither stan-
dardized nor stored in databases, and this limits the access and
possibilities to articulate energy saving strategies regarding com-
munication and decision-making support to important stakehold-
ers in the urban transformation of the city. Therefore, the
prototype model in Google Earth was further developed to include
the mining subsidence forecasts from the mining company in addi-
tion to the statistics available from local and national registries
regarding geographic information, property data and energy use.
The following section explains how this data was integrated to cre-
ate the energy city model.

5.1. Model data integration

The model integration was done by using two different spatial
joins according to Fig. 5. First, all building footprints were replaced
by a center point, which was spatially joined with the statistic
squares. This was done to validate the EPC spatially, visualize the
overall energy use by areas and identify the areas in which it is
economically feasible to implement energy saving measures.

Second, another spatial join was made for all the footprints to
obtain an attribute that indicates whether they are within the
three ground deformations zones (data obtained from the local
mining company LKAB). This made it possible to aggregate the data
according to ground deformation zone and type of building to get
the overall statistics like average energy use and the total amount
of A-temp. Fig. 7 represents all buildings that will be affected by
ground deformation by the years 2013, 2023 and 2035. If a build-
ing footprint went across two adjacent zones, the building was
placed in the earlier affected zone.

5.2. Target setting and model validation

To examine strategies to reach the national energy saving target
for buildings by the year 2050 (a reduction of 50% from the level in
1995), the model was used to analyze the outcome of different sce-
narios of energy saving measures. Excel and 3D visualization using
Power Map for the areas/districts and Google Earth for buildings
were used in the analysis of the different scenarios. The EPCs from
2008 to 2014 were collected and used for representing the energy
use of the building stock in Kiruna. According to the Swedish
Energy Agency and the National Board of Housing, Building and
Planning [4] the energy use in Swedish buildings was reduced by
10% on average from 1995 to 2010. The year 2010 was therefore
selected as starting date for the analysis.

The city energy model is shown in Fig. 8 together with the min-
ing subsidence zones forecast (2013: red, 2023: yellow, and 2035:
blue). As a first step to verify the integration between the geo-
graphical information and the EPC data, the buildings’ graphical
representation was set to include the EPC data as a table in the
description. The connection between the national property register
and the list of EPCs particularly needed to be controlled and veri-
fied due to the lack of clear building IDs in the data. An EPC can
contain many buildings, each of which can have several addresses,
and this was solved by splitting the energy use and A-temp by the
number of buildings (in these cases the collected buildings were of
the same type and size).

Then the spatial representation of the EPCs for each building
type (1-2 family dwellings, multi-family dwellings and facilities)
was examined. In Fig. 9 the aggregated number of energy declara-
tions of multifamily buildings made in each of the demographic
zones in Kiruna is compared with the total number of multifamily
buildings found in the national real estate property register.

Fig. 9 shows that a majority of the multifamily dwellings in Kir-
una are provided with EPCs and that the data is spatially well rep-
resented. It can also be seen that the number of dwellings and the
number of EPCs dwellings are similar, which indicates that the
matching procedure to identify the dwellings found in the property
register with the ones in the EPCs seems to work. The matching
procedure was further applied on 1-2 family dwellings and facili-
ties, but it was seen that the lack of data caused this matching to
be less accurate.

5.3. Analysis of the building stock energy use in Kiruna

To investigate the energy performance and building composi-
tion inside and outside the mining subsidence zones, energy data
from the EPCs were collected and inspected using Google Earth
(Figs. 1, 2 and 8), Power Map (Figs. 10–12), and Excel as summa-
rized in Table 1. The total annual energy use is estimated to be
246 GW h by using the EPC values for the energy performance
and A-temp of each type of building stock. This corresponds well
to the 214 GW h that the local energy company delivers to 90%
of all town properties as district heating [45].

The total number of buildings with EPCs in Kiruna was 28% by
the end of 2014 (most of the buildings without EPCs are 1-2 family

Fig. 6. This section of the mine shows that the iron ore body goes under the town of
Kiruna (shown in the upper left part of the drawing) and that ground deformations
will affect the town more and more every year.
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dwellings outside the subsidence zones, as shown in Table 1). Most
buildings in the mining subsidence zones consist of multifamily
dwellings or facilities with an annual energy use between 168
and 234 kWh/m2. The proportion of the overall multifamily dwell-

ings and facilities that are going to be replaced is large, approxi-
mately 40%, compared to only 4% of 1-2 family dwellings. The
mining subsidence influences mainly the central part of Kiruna,
which explains why only a few 1-2 family dwellings are affected,

Fig. 7. The town of Kiruna with the Swedish demographic zones (black squares) and the mining subsidence front. The red, yellow, and blue zones are the areas affected by
2013, 2023 and 2035 respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. The building stock in Kiruna shown as colored blocks according to the energy performance certificate (A–G) levels, the mining subsidence zone forecasts (2013, 2023
and 2035 as red, yellow and blue respectively) and one of the demographic zone (black square). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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since the majority of the single family houses are located in
residential areas east of the city center. The overall energy perfor-
mance, especially for facilities and multifamily dwellings, is worse
compared with the requirement for new buildings. Hence, the
opportunity to reduce the energy use during the urban transforma-
tion of Kiruna is significant. The main energy supply for the multi-
family houses located in the affected zones is district heating, as
shown in Fig. 10, and district heating also provides the largest pro-
portion of the energy used by the building stock in Kiruna.

Some of the 1-2 family houses have heat pumps as heating
source. Normally, these buildings have a better energy perfor-
mance compared with similar buildings heated by district heating.
A heat pump often needs a complementary heating source, e.g.
electrical heater or biofuels, during the coldest period of the year.
The ratio between the use of biofuels and other sources is however
low, mostly between 1% and 10% of the total heating demand. Local
combustion of biomass (mainly wood) may have a negative impact
on the neighborhood in terms of air pollution. The EPC only covers
bought energy, which means that the use of biomass can be higher
than the values stated in the EPCs, but the total amount of bioen-
ergy is relatively small and will not affect the overall results to a
significant extent.

Table 1 shows that 1-2 family dwellings for some zones have
better performance than multifamily dwellings. The area marked
with the black square in Fig. 10, where a large number of 1-2
and multi-family dwellings is located, is zoomed in Fig. 11 showing
the energy use per resident as a performance indicator and com-
paring it with energy performance (which is expressed as kWh/
m2). It can be seen that the energy use per capita is almost the
same for different building types. The floor area per capita is lower
for multifamily then 1-2 family dwellings, while the energy use is
more or less the same, and this indicates once more that multifam-
ily dwellings have a worse energy performance.

Fig. 12 shows the energy use and the aggregated cost for energy
saving measures in the demographic zones in Kiruna. A good strat-
egy would be to start to implement the proposed energy saving
measures in the areas with large energy use (high blue columns)
and low cost per saved kWh (low red columns).
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Fig. 9. The aggregated number of EPCs for each of the demographic zones in Kiruna
(blue line) and total number multifamily dwellings for each zone according to the
national property register (red columns). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Energy supply source (columns) and energy performance (colored squares) aggregated on the demographic zones in Kiruna. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Energy performance (colored squares) and energy use per resident (columns), 1-2 family and multifamily dwellings are situated within the purple and light blue lines
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Energy use (blue columns) and cost per saved kWh (red columns) aggregated on the demographic zones in Kiruna. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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5.4. Result of future scenarios and strategies

When the buildings that are scheduled to be demolished within
the mining subsidence zones are replaced with new and more
energy efficient units, the overall energy use in Kiruna will
decrease. The reduction will be estimated in this section, in order
to assess whether it is possible to reach the national energy reduc-
tion target with only the urban transformation. In fact, the local
mining company LKAB has promised to replace the buildings
within the mining subsidence zones. The composition of the build-
ing stock will remain the same, i.e. multi-family, 1-2 family dwell-
ings and facilities will be replaced one by one according to areas
listed in Table 1. Moreover, most of the buildings in the affected
subsidence zones use district heating, which is also chosen as the
main energy source for the new replacement buildings in all of
the future scenarios.

Three different urban transformation scenarios are defined
below using three different energy performance requirements
(specified in Table 2):

1. The new buildings are built according to the Swedish energy
standards for climate zone 1 [28].

2. The new buildings are built according to Min-energy standards
adapted to climate zone 1 [29].

3. The new buildings are built according to passive housing stan-
dards adapted to Sweden’s climate zone 1 [29].

These three basic scenarios are further combined with the
energy efficient measures proposed in the EPCs of the remaining
building stock, which results in a total of six scenarios: The first
three scenarios feature no measure to save energy in the existing
building stock, while the three last scenarios take into account
the energy saved from the proposed measures in the EPCs. An aver-
age value for the outcome of the energy saving measures in the

three different building types was used to represent the potential
energy savings in the existing building stock.

In order to find the energy use in the i-th urban transformation
scenario Eq. (2) was used:

ðQÞscenario i ¼ ðQÞunaffected þ ðQÞnew ¼

¼
X1;2;3

j

�qpresent;j � ðAÞunaffected;j
� �

þ
X1;2;3

j

qscenario i;j � ðAÞnew;j

� �
ð2Þ

in which j is an index representing the three building categories,
�qpresent;j is the present average energy consumption per square meter
in the j-th category and qscenario i;j are the energy consumptions per
square meter of the new building in the j-th category that can be
read in Table 2.

From the EPCs of the unaffected buildings, the different sug-
gested energy measures are averaged for each building type
according to Eq. (3).

�qsavings;j ¼
Q suggested savings

� �
j

ðAÞj
ð3Þ

In the scenarios in which the energy saving potential in the unaf-
fected buildings is taken into account, the term �qpresent;j in Eq. (2)
is replaced by the difference ð�qpresent;j � �qsavings;jÞ.

The first goal in the national road map for the reduction of
energy use is to reach 20% savings by the year 2020. Fig. 13 shows
that the 1+, 2+ and 3+ scenarios are able to reach that goal. The
final target in year 2050 is only achieved by scenario 3+, which
means that all the replaced buildings have to be passive standard
and that all the suggested energy measures have to be carried out.

6. Discussion

The aim of this study is to investigate the creation and use of a
city model of the energy performance of the building stock in order
to support decision-making in fulfilling environmental goals.

6.1. Creation of 3D city models of the energy use

This paper presents a method to integrate EPCs with building
property information in order to visualize and analyze the energy
use of buildings. The information model was created using an
FME with the ability to extract information from various data

Table 1
Summary of important attributes in the four town zones, the three subsidence zones (red, yellow and red) and the unaffected zone (white). Each zone is further divided into the
three building types. Columns show number of units, period in which they will be affected by ground deformation, area, percentage of that building stock type in the zone, energy
performance and percentage of the units with EPCs.

Table 2
Energy demands for the new buildings supplied with district heating for scenarios 1–
3.

Scenario 1-2 dwellings Multifamily
dwellings

Facilities

1. BBR22 130 kWh/m2

Atemp

115 kWh/m2 Atemp 105 kWh/m2

Atemp

2. Min-energy 83 kWh/m2

Atemp

78 kWh/m2 Atemp 78 kWh/m2

Atemp

3. Passive
house

63 kWh/m2

Atemp

58 kWh/m2 Atemp 58 kWh/m2

Atemp
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formats, both standardized and non-standardized. The possibility
to join, aggregate and transform the data extracted from the differ-
ent sources overcomes many of the difficulties associated with
interoperability issues as reported by [46] for buildings and [47]
for infrastructure. Still, the process requires a number of transfor-
mations in order to integrate the extracted data in the 3D city
energy model. Several of the built-in transformers in FME were
applied in order to format the data according to the requirements
of the analysis in Excel, Power Map and Google Earth. This transfor-
mation process removes some of the intelligence/semantics of the
original data, e.g. not all information and relations are present in
the exported XLS and KML files used in the analysis and presenta-
tion of data. Instead of providing an integration of information
through the use of standardized format, the integration process
is ‘‘standardized”. This offers a method for customizing informa-
tion deliveries on the fly using original data sources according to
defined requirements. The flexibility and customization are kept
in the process rather than in the delivery of a specific city energy
model with a standardized schema and format.

The possibility to automate the transformation process provides
new opportunities to create urban models on the fly. Nationwide
maps where the user is free to select an area to download have
been introduced in Europe in recent years. The INSPIRE directive
by the EC in 2007 was intended to establish an infrastructure for
spatial information in Europe in order to support community envi-
ronmental policies [48]. In Sweden, basic height and vector data of
buildings and infrastructure is provided by the Swedish University
of Agricultural Sciences. However, a solution for the visualization
and analysis of EPC data in Sweden has not yet been developed.
As shown in this paper, it would be possible to set up an automated
cloud service for the visualization and analysis of buildings with
EPCs in the Swedish cities. This possibility also overcomes the eco-
nomic barrier, which was one of the main barriers identified by the
energy advisor of the use of a 3D energy city model. The EPC data
was also identified as the most important source of information for
the energy advisors.

Aggregation and validation of the resulting energy model is
another issue of concern. To anonymize the EPC data, especially
when it comes to the energy use in 1-2 family dwellings, we used
the Sweden statistics zoning of public data (250 � 250 m). This

type of zoning seems to work for multifamily dwellings since most
of these buildings already have EPCs. This was also spatially vali-
dated by comparing the buildings’ property register with the num-
ber of multifamily dwellings with EPCs in the statistical zones. In
residential areas where the majority of the building stock consists
of 1-2 family dwellings, some of the zones contain very few build-
ings with EPCs. This was to some extent compensated by using
average values of similar units with EPCs and estimating A-temp
from the data of the building property register. Also, the total
energy use of the building stock was compared with the energy
supplied by the local energy company to verify that this estimation
was reasonable.

6.2. Use of 3D city energy models to support energy advising

First a preliminary 3D city energy model was created and eval-
uated by energy advisors in the counties of Norrbotten and Väster-
botten. The model demonstrated the potential to provide useful
support for energy advisors as an efficient visual tool that can
assist in the explanation of energy performance to multiple stake-
holders, both laymen and experts. The workshop with the energy
advisors also suggested that 3D city models could be used by other
actors such as energy or real estate companies. This requires, how-
ever, that a large variety of detailed information is shared among
the stakeholders without violating the privacy of citizens. It was
therefore recommended that the model should be initially imple-
mented by managers of public buildings to assess and compare
energy use in buildings such as schools, libraries and sports facili-
ties. These buildings can then provide role models for the imple-
mentation and use of detailed energy models. In the more
advanced 3D city model containing the EPC data the energy advi-
sors can be more pro-active and target residential areas with high
energy use to provide energy saving proposals with low invest-
ment costs per saved kWh.

Better systems and processes to inform property owners of
energy saving measures are also mentioned as a key activity in
order to reach the national goal of 50% reduction of the energy
use by 2050 in a report from the Swedish Energy Agency and the
National Board of Housing, Building and Planning [4]. The develop-
ment of 3D city energy models can be done on a national level to

Fig. 13. Trends of the reduction in energy use for the six scenarios compared to the national goals. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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support the local energy advisors and to make more use of the
EPCs. Since the process is fully automated and the data from EPCs,
the Swedish statistics and the Lantmäteriet are standardized, the
proposed process can easily be extended to provide 3D city models
of the energy use for all urban areas in Sweden. A recommendation
is given about the further investigation of ethical aspects, since the
3D city models in Google Earth used in this study can be combined
with Street View and other data sources which can potentially vio-
late the privacy of citizens.

6.3. Strategic use to support decision making in fulfilling
environmental goals

The results from future scenarios of the energy use in Kiruna
showed that strategies for energy saving in the existing building
stock need to be developed in order to fulfill the national environ-
mental goal. Despite the large impact on the urban transformation
caused by the mining activity, it will be difficult to reach the goal
only by setting higher requirements on the energy efficiency of
replacement buildings. Unfortunately, the energy price cannot
alone motivate capital-intensive investments in energy saving
[49], so other policies, regulations, incentives and improved infor-
mation services must be developed in order to target buildings
with high energy use. Here the 3D city model based on the EPCs
can be used to visualize and analyze the energy use, and to provide
a richer source of information for providing cost efficient energy
saving proposals. The presented model also provides a tool for
monitoring the result of new policies, regulations and other incen-
tives on buildings, at the district, city, county and national levels.
Kiruna can be considered as a favorable case for energy saving
when a large part of the building stock has to be rebuilt, but still
it will be hard to fulfill the national energy saving targets. Then
the question is how the other municipalities, which are less
favored, will be able to fulfill the targets.

There are still some issues regarding the data quality in the EPC
register inSweden.Mangoldetal. [39] foundthatA-tempwasunder-
estimated by 15% in Gothenburg’s buildings. A larger A-tempwould
result in a better energyperformanceof the buildings [39],with con-
sequences for the analysis of the different presented scenarios.

It is strongly believed that the presented city energy model is a
good tool for various stakeholders in our society for understanding,
discussing and taking decisions on how our society should reach
the energy goals set up by the government. Therefore, these mod-
els should be developed for the whole country, possibly as an ETL-
based cloud service provided by Lantmäteriet and Boverket (the
National Swedish land survey and Board of Housing, Building and
Planning). The benefit of using such models has been widely
demonstrated in this study.

7. Conclusions

The main conclusions from the paper are:

� The proposed FME process was able to automatically integrate
the EPC data on buildings in the building property register in
more than 95% of the cases using only the street address. This
confirms that the creation of similar 3D energy city models in
Sweden can be automated to a large extent. Also, a method
for validating the spatial representation of the energy use was
developed comparing the EPCs with the building property reg-
ister using demographic zones. The spatial validation shows
that more than a half of multifamily dwellings and facilities
have already got EPCs, while only a minor part of the 1-2 family
dwellings have. However, the impact is minor on energy saving
evaluations.

� City energy models improve the understanding of energy use in
buildings and can therefore be a valuable tool for energy advi-
sors, real estate companies and urban planners. The integration
of EPCs in the models represents an important source of infor-
mation about the energy use available for stakeholders.

� The different scenarios show that all through the urban trans-
formation the energy advisors need to facilitate the implemen-
tation of proposed energy savings in the EPC of the existing
building stock, and that new (replacement) buildings must be
of high energy performance standard to reach the national tar-
get by the year 2050.

A full-scale implementation of the proposed process in Sweden
is possible, since the data used is standardized and available in the
whole country. The combination of a model that can be used for
communication and analysis as proposed in this paper offers stake-
holders a powerful tool for evaluating both the current state and
future scenarios.
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Appendix A.

Fig. A1 shows an example of the aggregated results that are
extracted from the energy model in Google Earth’s visualization
of software. The attribute box shows a sample of the about 200
attributes that are available; these data are accessible for all the
extruded building volumes in the energy city model of Kiruna
(see Fig. A2).

Building ID: the unique building identification number accord-
ing to the national register.

Building use: what the building is used for/as according to
Lantmäteriet.

Building height: the height of the building from ground level.
Property name: the name of the specific property.
Address: the building address.
Period: period in which the building will be affected by ground

deformation.
Area: building floor area that is heated to more then 10 �C.
Building type: the category the building belongs to according to

the EPC building type attribute.
Year of construction: the year in which the building was

constructed.
Primary heat source: the main heat source for the building.
Energy use reference building: the energy use for a new building

of the same category (kWh/m2).
Percent of reference building: the ratio between the existing

building and the requirements for a new built reference building
(i.e. 100 indicates the same energy use, in this case the building
in the figure uses 33% more then the reference building).

Energy class: the energy class of the building is determined
according to the following ranges:
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A = EP is 6 50% of the requirements for a new building.
B = EP is > 50% to 6 75% of the requirements for a new building.
C = EP is > 75% to 6 100% of the requirements for a new
building.
D = EP is > 100% to 6 135% of the requirements for a new
building.
E = EP is > 135% to 6 180% of the requirements for a new
building.
F = EP is > 180% to 6 235% of the requirements for a new
building.

G = EP is > 235%% of the requirements for a new building.

All building extrusions are colored according to the specific
energy class in a scale from green (best, A) to red (worse, G).
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Abstract: Social sustainability is a widely used concept in urban planning research and practice.
However, knowledge of spatial distributions of social values and aspects of social sustainability is
required. Visualization of these distributions is also highly valuable, but challenging, and rarely
attempted in sparsely populated urban environments in rural areas. This article presents a method
that highlights social values in spatial models through 3D visualization, describes the methodology
to generate the models, and discusses potential applications. The models were created using survey,
building, infrastructure and demographic data for Gällivare, Sweden, a small city facing major
transformation due to mining subsidence. It provides an example of how 3D models of important
social sustainability indices can be designed to display citizens’ attitudes regarding their financial
status, the built environment, social inclusion and welfare services. The models helped identify
spatial variations in perceptions of the built environment that correlate (inter alia) with closeness to
certain locations, gender and distances to public buildings. Potential uses of the model for supporting
efforts by practitioners, researchers and citizens to visualize and understand social values in similar
urban environments are discussed, together with ethical issues (particularly regarding degrees of
anonymity) concerning its wider use for inclusive planning.

Keywords: 3D models; urban planning; GIS; social sustainability; rural; mining; built
environment; ETL

1. Introduction

This article presents a method for visualizing distributions of social values in 3D city models
and discusses its potential for inclusive sustainable urban planning. Its development was prompted
by a perceived need for such a model to facilitate a planned transformation of the municipality of
Gällivare, situated in northern Sweden with approximately 18,000 inhabitants. The method is rooted
in a sustainability framework, which can be used to analyze diverse social aspects from chronological
perspectives in urban studies and planning.

A key concept of sustainable development originates from Our Common Future, also known as
the Brundtland Report: “development that meets the needs of the present without compromising the
ability of future generations to meet their own needs” [1] (p. 16). The term includes three dimensions of
sustainable development: environmental, economic, and social. The social dimension became widely
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Sustainability 2016, 8, 195 2 of 17

used in international research in the beginning of the 21st century. During the last decade, various
definitions have been proposed, discussed and reviewed [2–4]. However, despite the lack of consensus,
many of the aspects generally associated with social sustainability are related to human capital, social
capital and well-being [5]. The criteria for social sustainability often encompass numerous factors
that are favored by a focal society or group of people. Thus, analysis of people’s perceptions of their
conditions and environments is important for assessing social sustainability, together with analysis of
social changes to determine whether it is decreasing or increasing (and/or whether planned actions
will reduce or increase it). Dempsey et al. [2] identified several aspects of social sustainability related
to urban environments, such as social inclusion and local networks, income distribution, sense of
community and belonging, the attractiveness of the public realm, housing, and urban design. Equality,
resource distribution and access to public services are also regarded as important aspects of social
sustainability to consider in urban studies. In addition, Dymén [6] has highlighted the importance of
integrating gender perspectives in municipal spatial planning to avoid inequality risks.

Urban transformation in any geo-socio-economic context introduces numerous challenges for
politicians and planners in terms of balancing demands related to economic growth, social justice
and protection of green spaces [7]. These urban planning problems have wicked characteristics and
can only be solved by an iterative collaborative process by involved stakeholders [8]. Sustainable
development is dependent on a closer and wider dialogue between all stakeholders and a closer
integration of a various urban decision-making and professional fields [9].

Geographic information systems (GIS) can facilitate visualization and analysis of information
about the current states and trends of social values in the urban landscape. The technology can
enhance awareness of sustainability dimensions, improve data accessibility [10], and greatly assist the
generation of maps and urban models that are valuable for both visualizing social values in urban
areas [11–13] and helping planners to communicate and share ideas with the public [14]. Here, 3D
visualization offers a way for citizens with diverse backgrounds to understand and suggest design
changes in their community [15]. Visualization of 3D models offers improved cognitive understanding
of vertical dimensions and spatial relations compared with 2D-visualization especially when users
can navigate through the 3D environment [16]. They are more suitable in such contexts than 2D
models since they aid acquisition of qualitative understanding [17] and can provide more common
representations of buildings that support communication among, and decision-making by, stakeholders
with diverse educational levels and professional backgrounds [18–21]. Similarly, Ranzinger and
Gleixner [22] claimed that 3D models are more useful in urban planning processes than 2D models
for three kinds of stakeholders: citizens, planners and politicians. 3D models, according to Ranzinger
and Gleixner, can: (1) show citizens what is suggested to be built, which increases their engagement
in the planning process; (2) help planners to explain their ideas and reduce delays; and (3) increase
politicians’ security in the legitimacy of their decisions by enabling them to visualize multiple aspects
of projects. GIS have mainly been applied to date in relatively narrow social contexts of specific
professions, including (inter alia) sustainable urban and regional planning, energy planning, natural
resource management, civil engineering, criminology, and public health [23–28].

Previous efforts to visualize social values have mainly focused on attitudes towards the
preservation of green areas such as woodlands, gardens and parks in attempts to balance urban
development with conservation or enhancement of ecological and social values [12,13,29]. In several
of these studies, attitude surveys have been used to create maps of the affected public’s perceptions
and values. This has led to an increasing abundance of empirical evidence that has enabled
community stakeholders to identify and map various landscape-attached values, perceptions and
services two-dimensionally [29]. Several approaches have been applied, as illustrated by the
following examples. Survey information has been used in combination with landscape data to create
weighted-density heatmaps that visualize perceived and experienced values [13,30]. A questionnaire
has been used in combination with landscape data [12] and face-to-face interviews have been used
in combination with mapping to display responders’ experiences of green areas using thematic
maps [31]. A cluster map has been generated using single-informant interviews [29]. Ecosystem
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services in New York City have been mapped using an approach involving visualization in thematic
maps of spatial patterns of social-ecological conditions focused on vacant land in the city’s cultural
landscape [32]. In addition, in built environment research contexts, 2D GIS has been used to examine
various social aspects of cities based on survey data. Notably, this approach has been applied to map
urban revitalization in an evaluation of a new housing policy [33], resident-defined neighborhood
mapping has been applied using GIS to analyze phenomenological neighborhoods [34], and 2D GIS
has been used to probe the ability of built environment designs to encourage walking by individuals
with negative attitudes towards walking [35].

In summary, maps (2D) have been relatively widely used for displaying social values related
to ecosystem services and some other aspects of urban environments in diverse contexts. Previous
studies relevant to planners have focused more on metropolises than on medium-sized and smaller
cities, so addressing Gällivare requires adaptation of visualization practices to a relatively neglected
type of urban environment [36]. The method presented addresses these challenges by combining data
from surveys of Gällivare’s residents with Swedish national statistics, building and infrastructure data.
The resulting visualization of social data in a 3D city model provides access to information on citizens’
preferences and an instrument for enhancing both community involvement and communication
between planners, policy-makers and other stakeholders. The following specific questions are
addressed here:

- How can the theoretical framework of social sustainability be used in the aggregation and analysis
of data from surveys, national statistics and spatial data to enable inclusive planning?

- How can survey data be ethically integrated in an automated way that avoids revelation of
individual citizens’ identities, and what ethical concerns should be considered when visualizing
social data?

- How can responses to surveys on attitudes be analyzed and visualized to ensure that they
adequately reflect variations in population sizes in different parts of a city?

The paper is structured as follow. First, the method and case study of the city transformation
of the municipality of Gällivare is presented. The method of data collection, integration and model
visualization and analysis of social values of residents are described. Second, the result and analysis of
the case study is presented. Finally, the results are discussed and concluded in relation to the use of
social sustainability frameworks in 3D visualization models, potential applications and limitations of
their wider use in terms of privacy and ethical issues.

2. Method

2.1. The Case of the Urban Transformation of Gällivare-Malmberget

A case study of a city transformation was selected, because case studies are suitable when studying
complex processes [37]. The method is used to examine phenomena in natural settings, using multiple
methods of data collection to gain information from one or more people, groups or organization [38].
There are two urban centers in the municipality of Gällivare: Gällivare and Malmberget, 5 km to
the north and site of a large iron ore mine. Parts of the city center in Malmberget situated above
the mine are being demolished and relocated to Gällivare because of ground subsidence. The city
transformation of Gällivare and Malmberget was also selected as a case to explore social-spatial
relationships using multiple methods of data collection from different sources such as municipality of
Gällivare, the Swedish National Land Survey, Luleå University of Technology and Statistics Sweden.
This transformation poses both major planning challenges and opportunities to create sustainable
living areas.

To support this transformation it is important to understand the needs and perceived problems
of the Gällivare/Malmberget population in a spatial context. Socially, the municipality can be
summarized as a mining community, with high median income, low unemployment rate and shortage
of housing compared to other sparsely populated areas in Sweden. Problematic issues not explicitly
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considered here include a depopulation trend shared by many small remote communities and the
common gender segregation in Swedish mining communities, in terms of both numbers and traditional
divisions of labor [39]. A major spatial factor is closeness to the mining pit, as it is situated close to
a residential area in Malmberget (see Figure 1). These socio-spatial contextual factors highlight the
importance of social aspects such as personal financial status, gender patterns, social inclusion and
attitudes towards infrastructure and welfare in planning.

Figure 1. The location of mining subsidence zones in Malmberget. Buildings and roads within these
zones are going to be demolished or relocated. The blue line on the left picture shows the fence area,
the light blue area shows mining subsidence before 2011, and the dark green area shows predicted
mining subsidence in 2016–2027 with forecast deviation shown in light green.

2.2. Data Collection

Data collected from the municipality of Gällivare and the administrative agencies Statistics
Sweden (SCB) and Swedish National Land Survey were used to geo-validate the survey data, i.e.,
compare the population density with the frequency of responses. Pertinent datasets were then
combined to relate indices of attitudes (described below) to public data on population, infrastructure
and the built environment (Table 1).

Table 1. Datasets used, analyses and their relationships.

Datasets

Data
Analyses

1. Survey
(Luleå

University of
Technology)

2. Building
Footprints

(Swedish National
Land Survey)

3. Address
Points

(Municipality
of Gällivare)

4. Roads (National
Swedish National

Land Survey)

5. Population
Squares (SCB,

Statistics
Sweden)

6. Economic
Squares (SCB,

Statistics
Sweden)

Survey
geo-validation X X X

Built
environment

Index
X X X X

Personal finance
Index X X X

Social inclusion
Index X X X

Public services
Index X X X

The survey was conducted by Jacobsson and Segerstedt in 2014 in the municipality of Gällivare,
using questions based on the theoretical framework of social sustainability. Results of the survey were
analyzed separately, and different social sustainability factors were analyzed and aggregated to form
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four indices measuring citizens’ satisfaction in terms of: social inclusion, built environment, public
services in the municipality and their personal finances [40]. In the report, Jacobsson and Segerstedt
argue that considering moving from Gällivare is an important variable for social sustainability as it
reflects the current and possible changes in the future, drawing on the sustainability definition from the
Brundtland report cited earlier. Indices emerged from the survey were found to significantly influence
the probability to consider leaving Gällivare.

In this article, visualizations of spatial patterns of all these indices are presented. Below follows
a description of how indices were constructed by Jacobsson and Segerstedt. Variables included in the
Built environment index reflect respondents’ ratings (on scales from 1 to 5) of the comfort and planning
of their residential neighborhood, attractiveness of the city center, and the range of stores in the city
center. The Personal finance index combines variables on respondents’ contentment with their financial
situation and the ease for them to balance household income and expenses. This index was chosen as
a measure of socio-spatial welfare distribution to enable detection of possible pockets of perceived
economic instability in the focal municipality, which was regarded as relatively affluent due to the
relatively high income in the community. The Public services index was based on factor analysis of
a range of variables measuring satisfaction with the provision of healthcare services, public schools,
kindergartens and elderly care.

The Social inclusion index combines variables on opinions about Gällivare municipality being
a good place of residency (or not) for people of different religions, different cultures and sexual
orientations/identity, together with a variable concerning gender equality in the municipality.
According to Jakobsson and Segerstedt [40], social values underlying all of those indices influence risks
of people considering moving from the community, which they use to measure social sustainability.
Of 3000 potential respondents aged 20–80 years contacted, 1237 replied (equivalent to 9 % of the total
number of inhabitants in Gällivare municipality in this age range in 2014 when data were collected).
No significant differences were found proportionally between the group of respondents and the total
population (of the same age range) in terms of distribution of residences, or distributions of age and
gender. The respondents’ scores for each of the questions and indices were digitized in tabular form.

Points with address attributes representing buildings’ positions were provided by the GIS office
of Gällivare municipality. The respondents’ scores were aggregated in accordance with geographical
references, in the form of 250 m ˆ 250 m statistical squares, used by SCB to compile data on distributions
of populations, education levels, incomes, jobs, age groups and people’s origins in Sweden. According
to SCB the size of the squares is based on a compromise between privacy of the citizens and detail of
the statistics (SCB, 2015). Information on locations of roads and building footprints provided by the
Swedish National Land Survey was used in distance analyses of the built environment.

2.3. Data Integration

The Feature Manipulation Engine (FME) developed by Safe Software was used for integrating the
data. It is specifically designed for extracting, transforming and loading (ETL) data and can manage
the exchange of spatial and non-spatial data in more than 300 formats [41,42]. The ETL based process
method is show in Figure 2 and consists of the following steps.

(1) Address joins: First, the attribute addresses for the two datasets were cleaned and standardized
using regular expressions and string replacer/modifiers. Data were then joined by address to
create on combined dataset that consisted of the records of the survey data and the address points.
Consequently, it was possible to geo-position over 90% of all survey respondents in the area.

(2) Spatial zones joins: Data were spatially joined to Statistic Sweden (SCB) demographic zones (which
is important to ensure that no individual citizens can be identified). The aggregation of the
respondents in SCBs demographic zones (squares) is illustrated in Figure 3. The resulting points
were re-projected and converted to the LL84 geographic coordination system. Squares with
a population smaller than 10 or 1–2 family (detached and semi-detached) home units less than
2 were filtered and removed from the map outputs due to privacy considerations. Finally, the
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coordinates were extracted and exported together with the SCB and survey data in order to use
Microsoft Power Map (a Microsoft Excel add-on) as a visualization tool.

(3) 3D model creation: This step automatically processes and creates 3D buildings from aerial Lidar
data by extracting point clouds of each building using the building footprint from the National
Property map. The building height is then calculated as the different between the highest points
(Lidar data) that lies within the footprint and the ground level (geotiff). The footprint are then
extruded from the ground to its average roof height and colored according to buildings function,
e.g., schools and hospitals. The ground height model provided by Lantmäteriet is available for
the whole country. This implies that this kind of 3D model creation can be automated for all cities
in Sweden.

(4) Distance calculations: In this step, the nearest distance between roads and buildings polygons, and
the address points of the respondents were automatically measured and stored as two distance
attributes. Based on the distance attribute, two additional (Boolean (1 or 0)) attributes were
created based on if they were within or outside the 200 meters zone, which were used in the
statistical analysis.

(5) Merging and model export: This is the step where the data were analyzed by the authors. SPSS was
used for statically analyses (Step 6). Microsoft Excel/Power Map and Google Earth was used for
visualization of the social values in 3D (Step 7).

Figure 2. Schematic illustration of the integration of point data with SCB data squares.

Figure 3. Schematic illustration of the integration of point data with SCB data squares.
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3. Results and Analysis

The results were examined in Microsoft Power Map and Google Earth, as they offer good
possibilities to visualize statistical data in 3D urban environments and abilities to iteratively modify
both visualization settings and the data. Three types of visualization were used: heat maps, which are
graphical representations of data where the individual values contained in a matrix are represented as
colors; 3D charts in which heights of virtual bars are proportional to the values; and a 3D building
model combined with heat maps to enable detailed analyses of certain districts.

3.1. Survey Geo-Validation

As shown in Figure 4, there was a strong correlation between the population density and number
of respondents in the 250 m ˆ 250 m squares. The percentage of the population of the city centers
of Gällivare and Malmberget covered by spatially mapped data in dataset 5 was 8.5%. The total
number of respondents in the same dataset covered 11.5% of the total population of the municipality
as a whole, including the rural parts that are not part of the visualization model. However, the number
of respondents per square was relatively low; only 22 (14.5%) squares had more than 10 respondents.
The largest deviation from the average percentage was in squares with just 1–2 respondents (6.5%).

Figure 4. Total population in the 20–80 year age range (right y-axis) and numbers of respondents (left

y-axis), aggregated in 250 m ˆ 250 m squares.

The numbers of respondents were also plotted, with population density, using a 3D model to
visualize their spatial distribution in the city, as illustrated in Figure 5. Here, the number of sets of
responses is shown in yellow, total population in black and the ratio between them in a heat map (red
indicating a high ratio and blue a low ratio of responses to population density). Figure 5 confirms the
correlation between the population density and frequency of responses. However, it also shows that
the strongest local variations in the ratio are in areas where there are large variations in population
density between neighboring squares, for instance zones where multi-family buildings are adjacent to
1–2 family (detached and semi-detached) home units. Furthermore, it shows that the ratio is highest in
areas that are the most lightly populated, often in the outskirts of the city.
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Figure 5. 3D chart showing numbers of respondents aged 20–80 years in each 250 m ˆ 250 m square in
yellow, total population in black, and the ratio between them in a heat map with colors from blue to red
where blue stands for best representation. Datasets 1, 3 and 5 from Table 1 are used in this visualization.

3.2. Analysis of Socio-Spatial Patterns

This section presents an analysis of the socio-spatial patterns visualized by mapping the indices
based on respondents’ expressed perceptions described in the data collection section regarding the
Built environment, Personal finance, Social inclusion, and Public services.

3.2.1. Personal Finance, Social Inclusion and Public Services

There were generally small differences in Personal finance scores among the 250 m ˆ 250 m squares
(dataset 6, Table 1) in Malmberget and Gällivare, as indicated in Figure 6. However, groups least
satisfied with their financial circumstances resided in areas of the city centers of both Gällivare and
Malmberget with multi-family buildings. The population in these areas also had the highest proportion
of low income households, as indicated in Figure 7 (although these districts also had high ratios of high
income households). Thus, unsurprisingly, the respondents’ satisfaction with their financial status
(dataset 1, Table 1) appears to be strongly influenced by their income. Attitude variables were originally
used by Jakobsson and Segerstedt [40] to address social inequalities in the areas with high income;
thus, these results can be seen as a contextualization of the survey data.As can be seen in Figures 6
and 7 there is no clear correlation between spatial distributions of high financial (dis)satisfaction and
affluent or low-income areas. These maps indicate that this urban environment was not strongly
segregated at the time of the data collection, and planners could use the visualization to monitor risks
of demographic changes and the urban transformation increasing segregation. The model also shows
strong similarities in spatial patterns of Built environment scores (indicating satisfaction with the urban
environment) and Personal finance scores. Notably, 20% (36/176) of the squares (mostly in the city
centers) have higher than average means for both of these indices. There are no clear spatial patterns
in the Social inclusion and Public services index scores, except that the people in the outskirts of the
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city tended to be least satisfied in these respects (Figure 8a,b). The findings indicate that planners
should focus efforts to engage citizens in these areas in participatory dialogues in order to improve
satisfaction with the built environment.

Figure 6. Heatmap of Personal finance index scores: red to blue indicating low to high satisfaction in
each 250 m ˆ 250 m square.

Figure 7. Heatmap of Personal finance scores and 3D chart of SCB income groups in 250 m ˆ 250 m
squares in the center of Malmberget (red lowest, yellow low, light green medium and dark green high).



Sustainability 2016, 8, 195 10 of 17

Figure 8. Heatmaps showing (a) Social inclusion and (b) Public services scores in 250 m ˆ 250 m squares.

3.2.2. Built Environment

Built environment scores (mapped in Figure 9) were lower than scores for all of the other visualized
indices, in accordance with findings by Jakobsson and Segerstedt (2014) that dissatisfaction with the
built environment is the strongest motivator of those considering moving from Gällivare. The spatial
distribution of the scores suggests that closeness to the mining pit is strongly associated with
dissatisfaction with the built environment in Malmberget, as dissatisfaction is high in areas with
both multi-family buildings and areas with 1–2 family (detached and semi-detached) home units east
of the pit.

Figure 9. Heatmap showing Built environment scores in 250 m ˆ 250 m squares of the two city centers
Malmberget and Gällivare and the area affected by ground subsidence caused by the mine.

Citizens who live in areas (of either low or high density) close to public buildings seemed to be
least satisfied with the built environment (Figure 10). However, contrary to previous findings [43] there
was no clear correlation between dissatisfaction and closeness to major roads. These patterns raise
questions that are highly relevant for both planners and researchers regarding: why closeness to public
buildings apparently affects citizens’ satisfaction with the built environment, whether closeness to
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major roads really affects this satisfaction, whether there are gender-related differences in perceptions
of the built environment between men and women, and (if so) whether there are socio-spatial patterns
in differences between their perceptions.

Figure 10. Heat map showing Built environment index scores and school buildings (red colored) and
public buildings like churches, hospitals and a sports hall (orange colored).

To address these questions further, the relationships between dissatisfaction with the built
environment and distances from both major roads and public buildings were studied by logistic
regression. In these analyses, scores of groups of the respondents who resided closer to and further
than 200 m from major roads and public buildings were compared. The results are summarized in
Table 2.

Table 2. Results of logistic regression (B exponents, standard errors of the exponents, Wald statistics,
degrees of freedom and significance) between citizens’ satisfaction with the built environment and
distances of their residences from public buildings and major roads.

B S.E. Wald df df Sig. Exp (B)

Distance from public buildings 1.082 0.175 38.411 1 0.000 2.950
Distance from major roads 2.264 0.170 2.416 1 0.120 1.302

Constant ´1.897 0.147 165.793 1 0.000 0.150

The regressions confirmed predictions from the 3D models regarding public buildings, showing
that respondents living close to them were substantially less satisfied with the built environment than
respondents living further away, but no effect of distance from major roads was found. They also
confirmed that proximity to roads had no effect, in contrast to previous findings [41]. However,
the negative effects recorded in the cited study may be balanced by satisfaction associated with the
increases in accessibility offered by major roads [44,45]. If so, planners may be able to reduce or even
eliminate dissatisfaction associated with living close to a major road by mitigating adverse factors such
as noise and enhancing positive factors such as access to them.

Regarding effects of gender, as shown in Figures 11 and 12 women were more dissatisfied with
the built environment than men at the time of the survey, regardless of whether they lived near
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the area affected by mining subsidence, the city center or the areas with 1–2 family (detached and
semi-detached) home units. Male residents in the areas with 1–2 family (detached and semi-detached)
home units far from the mining subsidence areas and public facilities were particularly satisfied,
on average. However, the spatial distributions of dissatisfaction with the built environment were
very similar for men and women in Malmberget and close to the mining pit. As already described,
variables reflecting degrees to which respondents perceive their residential area to be well-planned
and comfortable are included in the Built environment index.

Figure 11. Heatmap showing Built environment index scores for male respondents in the
250 m ˆ 250 m squares.

Figure 12. Heatmap showing Built environment index scores for female respondents in the
250 m ˆ 250 m squares.

4. Discussion

The presented model displays aspects of social sustainability in Gällivare municipality, such as
distributions of resources operationalized through national and locally gathered statistics, together
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with citizens’ perceptions of their financial status, built environment, social inclusion, and provision
of public services, as measured by indices based on several variables. The results show that citizens
were most dissatisfied with the Built environment, and scores for this index were most strongly spatially
distributed, confirming findings by Jakobsson and Segerstedt [40] that this was the strongest motivator
for people wanting to leave the municipality. They also show that Personal finance scores were spatially
correlated with several other perceptions of the respondents in different areas. Thus, these indices
visualized in heatmaps may be particularly useful for urban planners engaged in social sustainability
analysis, politicians and other decision-makers to identify possible urban planning issues at early
stages. The model alone cannot provide robust guidance for redesigning areas, as it provides little
indication of some of the factors influencing citizen’s attitudes. Nevertheless, such visualization
can be helpful for identifying spatial areas to focus upon in qualitative and interactive collaboration
processes between citizens and professional stakeholders such as urban planners, traffic planners,
and decision-makers. The application of the model presented here shows, for instance, areas where
satisfaction with the built environment and social inclusion are lowest, which could guide interactive
processes that assist interpretation of the social values visualized by the model.

Such interactive processes, mediated through various kinds of meetings and media, can improve
qualitative understanding, using 3D models as points of departure. Figure 13 (1–4) shows an example of
a public building, a school, located in a residential area where dissatisfaction with the built environment
is high. To obtain insights into such dissatisfaction, similar pictures like Figure 13 (4) taken by
citizens or other participants in planning dialogues could be used to start discussions and enhance the
inclusiveness of urban design processes.

Within virtual environments, buildings can be visualized in many ways and in this study they
were represented by extruded footprints to give a 3D representation of the city ((2) in Figure 13).
The main benefits of using this type of simplified model is that it can be generated for all urban areas
in Sweden, it is light weighted and still gives a representation of the average height of buildings which
makes it easier for citizens to identify a certain area compared with a 2D model ((3) in Figure 13).
Additionally, where streets and roads are available, street view can support planners and citizens to
inspect details in the urban environment within the model that can help these groups to understand
problematic areas ((4) in Figure 13). This creates a good complementary to the 3D model but it lacks
opportunity to get an overall detail representation of an urban area that can be obtained using a more
detailed texture model which is also makes the model more realistic ((1) in Figure 13). The drawback
using a fully textured 3D model is that it requires much work and cost for municipality to create
and maintain. This was the case in our study where only a small part of the area of Gällivare and
Malmberget had textured 3D models of the buildings. Since the citizens are familiar with the area, a 3D
cube model of the city in combination with street view is probably enough to stimulate the discussion
of the urban environment and other social sustainable issues.As a complement heat maps, 3D graphs
can be used to visualize hot spots and distribution of social indicators. Although static 3D graphs can
be difficult to interpret [46], 3D graphs in a virtual environment give more freedom for the user to
select perspectives, scales and number of variables to be visualized compared with 2D maps. The 2D
map is just a specific perspective of the 3D graph in a virtual environment. However, we suggest
further studies in how 3D visualization techniques are perceived and can be used by both planners
and public.

Overall, the results show that visualization and analysis of citizens’ preferences regarding the built
environment can support efforts to raise social sustainability and the inclusiveness of urban planning
processes. The approach may be particularly useful in small municipalities like Gällivare, where
possibilities to aggregate spatial data statistically may be limited due to the low population density.
However, use of such data raises several ethical dilemmas, particularly concerning ways to ensure that
sufficient detail is obtained for planning purposes while maintaining sufficient anonymity to ensure
that individual respondents’ answers are not identifiable. This dilemma is illustrated in Figure 14,
which highlights the importance of identifying a geographical unit (square size) that provides a suitable
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compromise between the level of detail, representativity and privacy. It also shows that the SCB squares
are small enough to enable this kind of analysis and large enough to reduce risks of making single
households identifiable in the model to acceptable levels.

Figure 13. Examples of building visualizations: (1) Textured 3D building model; (2) 3D building
footprints; (3) 2D Building footprints; and (4) Image from Google Street.

Figure 14. Effects of size of the geographical units (here squares) on the level of detail, representativity
and privacy in analyses such as this.

When the visualization model was tested, the possibility of presenting data for separate houses
was considered, but in the context of a small city that could enable identification of individual
residents. Therefore, we decided to present data in bigger spatial units of at least 250 m ˆ 250 m.
The data associated with these squares can be easily integrated with income and population statistics.
Thus, spatial analysis involving specified numbers of residential buildings in each square is suggested
for Statistics Sweden, as well as retaining squares with either one multi-family dwelling or more than
two 1–2 family (detached and semi-detached) home units when the data are connected to people living
in the area.

The proposed survey geo-validation method ensured that the survey provided good spatial
representation of Gällivare municipality by comparing numbers of respondents and the total
population of each square. This is important for validating the survey from both statistical and
democratic perspectives. The results of the survey also revealed significant differences between
different parts of the city, especially in the Built environment index. Such findings may be valuable for
urban planners and decision-makers seeking to prevent urban social segregation and enhance citizens’
satisfaction with their environments.
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5. Conclusions

The method described and exemplified in this article provides a means to aggregate and visualize
spatial distributions of variables from multiple data sources in a small urban environment, rooted in
a theoretical framework of social sustainability. Distributions of resources and citizens’ perceptions
of their personal finances, built environment, social inclusion and provision of public services are
presented in 250 m ˆ 250 m squares in heat maps, together with data from Statistics Sweden.
Such models can be used in various ways to facilitate communication between planners, policy-makers
and citizens, for example to inform and initiate dialogue about spatial distributions of social variables
and (dis)satisfaction with the built environment. In addition, targeted inclusion of citizens from
the most affected areas may substantially improve the structure and solution-orientation of dialog
between stakeholders.

In the context of Gällivare and Malmberget, examples show that there is a distinct dissatisfaction
with the built environment close to the mining pit, but an even more pronounced pattern is the
strong spatial overlap of dissatisfaction with the built environment and personal financial situation.
The difference between women’s and men’s satisfaction with the built environment in the center of
Gällivare can be visualized but not explained through the presented model.

These patterns can be interpreted from a social equity perspective, regarding attractiveness of the
public realm as a dimension of social sustainability. Clear socio-spatial connections between citizens’
perceptions of their housing, personal finances and the public realm were detected, inter alia by directly
comparing (and visualizing) distributions of reported incomes and perceptions of personal financial
circumstances. Jakobsson and Segerstedt [40] detected correlations between social sustainability
factors, particularly dissatisfaction with the built environment and thoughts of moving away from
Gällivare municipality. Such risk assessments could be used to provide additional depth and guidance
in further social sustainability analyses, for instance to identify groups of people who are most likely
to leave for prioritized inclusion in interactive urban planning discussions.

The automated ETL solution involving use of survey mapper offers opportunities to discuss
results with diverse actors while securing a certain degree of anonymity of respondents, if survey data
are mapped using conventional GIS tools like ArcGIS. Thus, ETL tools can support the privacy of
individual citizens, but they also have drawbacks due to the lack of knowledge of data transformations
in “black box” processes. However, if a similar model were used on a broader scale, ethical issues
regarding respondent confidentiality would become more crucial. While a contextualized model
can be adjusted to scale up to increase the level of confidentiality and retain meaningful levels of
visualization for planners, decision-makers and stakeholders involved in discussions, a more universal
model would raise risks of exposure of individual opinions. Therefore, if the proposed method were
to be used on a national scale, a formal ethical approval process may be required.
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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
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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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