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Förord 

E2B2 Forskning och innovation för energieffektivt byggande och boende är ett program där akademi 
och näringsliv samverkar för att utveckla ny kunskap, teknik, produkter och tjänster.  

I Sverige står bebyggelsen för cirka 35 procent av energianvändningen och det är en samhällsutmaning 
att åstadkomma verklig energieffektivisering så att vi ska kunna nå våra nationella mål inom klimat 
och miljö. I E2B2 bidrar vi till energieffektivisering inom byggande och boende på flera sätt. Vi 
säkerställer långsiktig kompetensförsörjning i form av kunniga människor. Vi bygger ny kunskap i 
form av nyskapande forskningsprojekt. Vi utvecklar teknik, produkter och tjänster och vi visar att de 
fungerar i verkligheten.  

I programmet samverkar över 200 byggentreprenörer, fastighetsbolag, materialleverantörer, 
installationsleverantörer, energiföretag, teknikkonsulter, arkitekter etcetera med akademi, institut 
och andra experter. Tillsammans skapar vi nytta av den kunskap som tas fram i programmet.   

Industriellt byggande och energi - ett samarbete mellan Sverige och Kina är ett av projekten som har 
genomförts i programmet med hjälp av statligt stöd från Energimyndigheten. Det har letts av Luleå 
tekniska universitet och har genomförts i samverkan med Tyrens, NCC, Lindbäcks och Betongindustri. 

Byggandet står för en betydande del av samhällets energianvändning och utsläpp av växthusgaser. 
Målet för projektet är att göra det möjligt att inkludera klimathänsyn i utformning, planering och 
uppföljning av byggprojekt. Projektet ska också göra det möjligt att ställa relevanta miljökrav vid 
upphandling och vid utformning av byggregler. Genom empiriska studier i Sverige och Kina ska 
projektet utveckla praktiska BIM-baserade metoder för projektering och produktionsplanering av 
byggprojekt. 

Stockholm, 9 januari 2018  

 

Anne Grete Hestnes, 

 

Ordförande i E2B2 

Professor vid Tekniskt-Naturvetenskapliga Universitet i Trondheim, Norge 

Rapporten redovisar projektets resultat och slutsatser. Publicering innebär inte att 
E2B2 har tagit ställning till innehållet. 
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Sammanfattning 

Att minska klimatpåverkan är en av vår tids största utmaningar. Byggnadsindustrin som utgör en 
betydande industriell sektor globalt, använder och förbrukar en stor del av jordens resurser och bidrar 
till de globala utsläppen av växthusgaser. Under de senaste åren har fokus varit på att minska 
byggnadens energianvändning under drifttiden. Begränsad uppmärksamhet har ägnats åt 
minskningen av byggnadens inbyggda energi som orsakas av produktion och transport av 
byggnadsmaterial och komponenter, byggprocessen på byggplatsen och den renovering som kan 
krävas eller energianvändning för rivning under återstoden av livscykeln.  

Syftet med projektet är att utveckla beslutstöd för byggherrar, arkitekter, tekniska konsulter och 
entreprenörer för att tidigt kunna bedöma miljöeffekter av en byggnads inbyggda energin i en BIM-
driven designprocess. 

Flera integrerade BIM-metoder har utvecklats för att kvantifiera energianvändning och utsläpp från 
byggmaterialtillverkning, transport och byggprocessen på plats. Metoder visar att det är möjligt att 
skapa en delvis automatiserad process för att underlätta bedömning av mängden inbyggd energi och 
koldioxidutsläpp i byggprojektet under projekteringsfasen. Resultatet av studierna visar också att 
byggmaterialproduktion står för en stor del av byggnadens koldioxidavtryck. Transporter till 
byggarbetsplatsen och byggplatsproduktionens bidrag motsvarar ungefär en tredjedel av 
byggnadsmaterialets bidrag i den studerade konceptbyggnaden. I traditionellt byggande står 
transporter (betongtransporter, byggnadskomponenter, moduler och utrustning till 
byggarbetsplatsen) för en stor andel av de totala koldioxidutsläppen i byggproduktionen. 

Genom att utveckla miljövarudeklarationer (EPD) för byggmaterial och komponenter kan utvecklade 
BIM-metoder användas i planerings- och projekteringsfaserna för att differentiera materialval, val av 
leverantörer och produktionsmetoder för att minska den inbyggda energin i byggnaden. Målinriktade 
optimeringsmetoder kan sedan användas för optimera energianvändningen av byggnadens hela 
livscykel (den inbyggda gentemot den operativa energianvändningen). 

 

 

Nyckelord: BIM, Livscykelenergi, inbyggd energi, koldioxidutsläpp, byggprocess, miljövarudeklaration 
(EPD) 
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Summary 

Reducing the climate impact is one of today’s biggest challenges. The building sector is responsible for 
a significant part of the world’s energy use and related global Greenhouse gas (GHG) emissions. In the 
last decades the focus to reduce the GHG has been on reducing the operational energy use of the 
building. Limited attention has been given to the reduction of the embodied energy use of the building 
including off-site production and transportation of the building’s materials and components, assembly 
of the building on site and refurbishment activities that may be required as well as the energy use 
during the end-of-life stage. 

The aim of this study is to develop support for environmental decisions for clients, designers and 
contractors during the building design and pre-construction phase by providing new technical 
solutions for the integrated assessment of the embodied energy and environmental impact in a BIM-
driven design process. 

Several integrated BIM methods have been developed to quantify energy use and emissions from 
building materials manufacturing, transportation and on-site construction processes. Methods show 
that it is possible to create a partially automated process to support the assessment of the amount of 
embodied energy and carbon emissions in the construction project during the design phase. The 
results of the studies also show that the production of building materials accounts for a large part of 
the building's carbon footprint. Transport to the construction site and the contribution of building site 
production accounts for approximately one third of the contribution of building material in the studied 
concept building. In traditional construction, transports (concrete transports, building components, 
modules and equipment for the construction site) account for a large proportion of the total carbon 
emissions in the construction process. 

Applying the developed BIM integrated frameworks in the design and planning stages can help to 
reduce the embodied energy by comparing different alternatives for material, transportation and on-
site construction process. Using EPD in the design process enables to compare different materials and 
suppliers and thereby making it possible to reduce the embodied energy use in the construction phase. 
Furthermore optimization of the lifecycle energy can be achieved by multi-objective optimization of 
the embodied versus operational energy trade-off over the life cycle. 

 

Key words: Lifecycle energy, embodied energy, BIM, environment product declaration (EPD), carbon 
footprint, construction process 
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1 Introduction 

1.1 Background 
Reducing the climate impact is one of today’s biggest challenges. The building sector is responsible for 
a significant part of the world’s energy use and related greenhouse gas (GHG) emissions (United 
Nations Environment Programme, 2008; 2009). Estimations have shown that the building sector 
accounts for 40% of waste, material consumption and primary energy in Europe. In China, the share 
of GHG from the building sector is estimated to be almost 25 %(CDIAC, 2014). Considering that China 
has the largest share of GHG emission in the world, the building sector accounts for a significant impact 
on the climate change. In an input-output LCA study, Yaowu Wang's research team (project partner) 
estimated that about a quarter of these emissions came from the construction sector in China, (Chang, 
Ries, and Wang, 2010).  

The carbon emissions in Sweden have decreased by 25% since 1990 mainly as a result of changing the 
energy supply for of heating of residential and commercial premises, i.e. from oil to bio-based district 
heating. However, during the same period the emissions in other countries caused by Swedish  
consumption have increased sharply and now accounts for two third of the total consumption based 
emissions in Sweden. Hence, “our” import contribute to the GHG emissions in other countries. 
(Naturskyddsföreningen, 2017). 

Recent studies have also shown that a significant proportion of a building’s life cycle energy use in 
Sweden comes from the embodied energy use in the manufacturing, transportation of the buildings 
components and  and assembly of the building on site (Boverket 2015, IVA2014, IVL 2015). The 
proportion of the climate impact from the construction process varied between 20-85% and the 
embodied energy between 15-85% of the total, depending on the choice of analysis period and 
scenario for the operating phase. In order to reduce the GHG emissions in the building sector the focus 
in the last decades has been on the reduction of building’s operational energy use. Limited attention 
has been given to the reduction of the embodied energy use (Li et al. 2014) from e.g. off-site production 
and transportation of the building’s materials and components, assembly of the building on site, 
refurbishment activities that may be required as well as the energy use during the end-of-life stage 
(Thormark 2002; Sartori, Hestnes 2007; Hernandez och Kenny 2010; Gustavsson och Joelsson 2010; 
Bilec, et. al., 2010). 

Although life cycle analysis (LCA) and life cycle energy analysis (LCEA) have been used to assess 
building’s climate impact, the practical application of such analyses in the construction sector has been 
limited. There are two major shortcomings that make LCA tools less appropriate for supporting design 
decisions and reducing the embodied energy. 

The first shortcoming is that many LCA tools use databases based on industry-average values and thus 
cannot account for differences caused in the embodied impacts of specific materials and components 
sourced from individual suppliers (Thormark, 2000; Heinonen and Junnila, 2011; Chau et al., 2015). 
Considering that the production of material can differ significantly, depending on the energy supply, 
the mechanisms and manufacturing processes, the industry-average based data may therefore provide 
less accurate information on the impact of materials sourced from a specific supplier, the result being 
that sustainable performances of different suppliers are regarded as the same. Such practices, actually, 
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lead to lost opportunities of improvement and selection of “greener” supply chains. Researchers as 
Dixtit et al (2010) question the current quality of existing embodied energy databases due to 
inconsistencies in the methodologies used. Moreover, the Swedish national board of housing and 
planning (Boverket, 2015) recommends the use of product-specific data instead of industry average 
data for analyzing a building’s environmental impacts. The use of product-specific data provides the 
possibility to compare the impact of the specific products belonging to the same product category.  

Secondly, LCA tools in general lack of interoperability with BIM software. Among Architecture 
Engineering and Construction (AEC) practitioners, BIM software is an important tool in the assessment 
of lifecycle properties of buildings. Currently, it takes a lot of effort and time to extract and transform 
exported data from the BIM software to match the input format of these LCA tools (Zabalza Bribián et 
al., 2009; Shrivastava and Chini, 2012). The advantages of a BIM based sustainability analysis approach 
can be clearly seen in the cost and time savings compared to traditional methods (Azhar et al. (2011). 
Nowadays, embodied energy assessments are often performed when the design are developed to a 
relatively detailed level in the design and production stage, when changes are difficult to make. 

However, to map and define energy consumption and environmental emissions upstream the building 
process (from material production and construction stage) is important in order to reduce the total 
building’s life cycle environmental impact (Kim et al., 2017, González and Echaveguren, 2012). The 
choice of materials, technical solutions as well as the selection of production solutions and supply 
chains in the design and production planning of a construction project have a major impact on the 
embodied energy and associated emissions (Shadram, Sandberg, Schade and Olofsson 2014; Krantz, 
Johansson, Lu and Olofsson 2014). Bearing in mind the large number of annual construction projects 
in China and also in Sweden, it is important to develop practical design and planning methods and tools 
from which stakeholders can analyze the embodied energy and climate impact, to make more 
environmentally friendly selections of materials and production methods. 

1.2 Purpose and aim  
The purpose of the project is to develop frameworks in the design and planning stages that can 
quantify and mitigate energy use and emissions from upstream flows of manufacturing and 
construction of industrialized building concepts. The aim of this study is to investigate the possibility 
to support the environmental decisions for designers and contractors during the building design and 
pre-construction phase by providing new technical solutions for integrating assessment of the 
embodied energy and impact into a BIM driven design process. 

The aim has been divided into three main objectives: 

• Integrating BIM and LCA to support the assessment of embodied energy and carbon footprint 

of building materials supply chain (including transportation) during the design process 

• Providing a simulation-based assessment method to quantify the embodied energy and 

carbon dioxide emissions from the construction site 

• Developing an optimization model for finding the optimal design solution(s) of embodied 

versus operational energy trade off in order to reduce the building’s life cycle energy use.  
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Based on previous research and methods developed by the two participating research groups from 
Sweden and China, new frameworks are developed and validated. The focus in this project is on 
developing frameworks to quantify energy use and emissions from construction materials and the 
construction process, by using a BIM driven design process. 

1.3 Project group 
The project has been led by Jutta Schade, associate senior lecturer at Luleå University of technology, 
division of Industrialized and sustainable construction. Furthermore, Farshid Shadram PhD student, 
Associate Professor Weizhuo Lu and Professor Thomas Olofsson from the division of Industrialized 
and sustainable construction were also involved in this project. In addition associate senior lecturer 
Jonny Nilimaa from division of Structural Engineering, Luleå University of technology has worked in 
cooperation with the ready-mix concrete producer Betongindustri in this project. From China 
Professor Yaowu Wangand and PhD student Kailun Feng, both from the Department of Construction 
Management, Harbin Institute of Technology have been involved in the project.  

Farshid Shadram in cooperation with Tim Johansson, Weizhuo Lu, Jutta Schade and Thomas Olofsson 
developed the framework and exemplification of the embodied energy and emission from the building 
material and transport to the construction site. Weihzuo Lu developed the framework and 
exemplification of the construction process in cooperation with Yaowu Wangand, Kailun Feng. Thomas 
Olofsson and Weizhou Lu coordinated the cooperation work with the researchers and the industry in 
China. Johnny Nilimaa contributed with the evaluating of the carbon emisson of different concrete 
drying metods of concrete floors in cold climate. 

Moreover from the industry Ulf Wiklund from Tyréns, Saga Ekelin NCC and Associate Professor Helena 
Lidelöw from Lindbäcks were involved in the project. Saga Ekelin and Helena Lidelöw contributed with 
advising and data collection for the demonstration projects. Ulf Wiklund contributed with the Carbon 

emission module integrated into a cost estimation application and the Folkhem exemple. 
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2 Energy use and carbon emissions in 
the supply chain 

2.1 Introduction 
The LCA scope of the assessment models that were developed and used for evaluating energy use and 
carbon emissions in the supply chain is shown in Figure 1.  

 

Figure 1. LCA scope of the developed models in this chapter.  

The models is suitable to use to select and configure the supply chain of building materials during the 
design process. The supply chain of building materials in this research work refers to the production 
of materials off-site (study 1) and transportation of materials to the construction site (study 2). The 
impact from on-site construction installation process is not accounted for in the first and second  study.  
The third study demonstrates how an entire building can be environmentally declared, EPD, can be 
assessed for in the international Environmental Product Declaration (EPD) system. The study is made 
on the Folkhem concept building and demonstrates.  

2.2 Embodied energy and carbon emissions in the supply chain – study 1 
In the first model, carbon emission factors of different materials and components are integrated in the 
cost estimation software Bidcon. Bidcon is a licenced tool from Elecosoft associated with a fee. The 
input data for the Climate Module was developed by Tyréns LCA Group and integrated in Bidcon to 
evaluate building materials footprint1. The software calculates both costs and carbon emissions of the 
materials and components of the building. A BIM module is also available where information can be 
imported in form of an IFC file (Industry Foundation Classes). The input data come for material such 
as concrete, steel, aluminium and wood comes from the database Ecoinvent. Generic EPDs (not 
supplier specific) for components has also been evaluated using Ecoinvent and other databases and 
from the development work including the work of the first EPD for an entire building, see chapter 4. 

                                                                 

1 http://www.tyrens.se/en/news/news/tyr%C3%A9ns-developes-climate-module-for-bidcon/  
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http://www.tyrens.se/en/news/news/tyr%C3%A9ns-developes-climate-module-for-bidcon/
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All data complies with the European standard EN 15804 the International EPD system. It is also 
possible to include values from supplier specific EPDs in the Bidcon climate module. Tyréns and 
Elecosoft are in the process of including carbon emission values for earthworks during early 2018. The 
Bidcon climat module is suitable to use when comparing and evaluating the environmental impact of 
different options of materials and components in the design process.    

2.3 Embodied energy and carbon emissions in the supply chain – study 2 
In the second study specific EPDs of materials and components was used in this study for assessment 
of the embodied energy and carbon emissions. EPDs provide both embodied energy and 
environmental impact data for the specific materials sourced from individual suppliers. First, a 
database was established containing the EPD data of a wide range of materials produced in European 
countries. The database is integrated with a Building Information Modelling (BIM) tool and Google 
Maps API (application interface) to assess the embodied energy and carbon emission from the supply 
chain including the transportation to the construction site. The developed model is shown in. 

 

Figure 2. The developed integrated BIM model for assessing the embodied energy of buiding materials supply 
chain during design process 

Extract Transform Load (ETL) technology was used to integrate the environmental databases, BIM and 
Google Maps API. As a result of this integration, an automated assessment model was developed which 
can be used during the building design process to evaluate the embodied energy and carbon emission 
of different supply chain alternatives. Google Maps API (Application Interface) was used in this model 
in order to automatically estimate the transportation distance required for each material and 
component to the construction site. Later, this information is used to evaluate the embodied energy 
caused by the transportation of goods to the construction site. The embodied energy from the material 
production is calculated by extracting the quantities of materials from BIM software and attributing 
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these quantities to the different materials and the embodied energy and which was stored in the 
database.  

A demonstration case of an energy-efficient dwelling was used to evaluate and test the applicability of 
the model. The dwelling was a recently built semi-detached house in the municipality of Kiruna, 
Sweden. In this case study, we varied the building insulation to find the design choices which could 
reduce the embodied energy and total life-cycle energy use of the dwelling. In total, 19 scenarios was 
analysed using alternative insulation materials from different suppliers to test the applicability of the 
model. Figure 3 demonstrates the result of the case study. Note that, minus signs indicate energy 
savings or reduction while plus signs indicate increased embodied energy relative to the base scenario. 

 

Figure 3. The results of the assessed scenarios of the case study building in the developed model. 

In general, the case study demonstrated the applicability of the developed model and it was observed 
the the reduction of total energy use in the supply chain of 93 GJ was equivalent to roughly 5 years of 
operational heating energy use. The results of this case study also showed us that there is a trade-off 
between embodied and operational energy. Savings of operational energy use due better climate 
building shells increases the embodied energy and vice versa. In chapter 1 a model for the optimization 
of the trade-off between embodied and operational energy is presented. 

The suppliers carbon emissions is strongly affected by the energy source they use in the production 
process. Therefore, the use of verified suppliers’ EPDs and transport distances is recommended when 
evaluating and selecting suppliers of materials and components in the design process. 

The results of this study is published in “Energy and Buildings”, (Farshid Shadram, Tim Johansson, 
Weizhuo Lu, Jutta Schade and Thomas Olofsson, 2016).  
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2.4 Summary 
In summary, the studies in this chapter has demonstrated different asessments methods for evaluating 
energy use and carbon emissions:  

• The first study shows that the developed climate module in Bidcon is useful when comparing 
and evaluating the environmental impact of different options of materials and components in 
the design process 

• The second study shows that the use of verified suppliers’ EPDs and transport distances is 
recommended when evaluating and selecting suppliers in the design process 

Applying the developed BIM integrated frameworks in the design and planning stages also enables the 
quantification and mitigating of embodied energy use and associated carbon emissions in 
procurement of the supply chain. Especially, this support the design and planning process in reducing 
the embodied energy by comparing different alternatives. 
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3 Embodied energy use and carbon 
emissions from construction site 

3.1 Introduction 
The LCA scope of the assessment models that were developed and used for evaluating energy use and 
carbon emissions on the contruction site is shown in Figure 4.  

 

 

Figure 4. LCA scope of the developed models.  

The main focus for the studies in this section is on the construction installation process (A4). The 
assessment is based on a BIM based database-driven simulation framework that was developed to 
support the planning on the construction site (Lu and Olofsson 2014). In the first study the 
construction of a concrete bridge where parts of the superstructure where prefabricated and parts 
where cast on-site.  In the second study, Life Cycle Assessment (LCA) was combined with Particle 
Swarm Optimization (PSO) to evaluate and mitigate the emissions generated in the construction of a 
reinforced-concrete frame structure (sixteen floor above ground and a two floor basement) in 
northeast of China. The last study integrates a database-driven simulation and I-O based hybrid life cycle 

assessment (DES-HLCA) to support site manager in construction planning and installation processes to 

mitigate embodied energy use and carbon emissions. 

3.2  The construction of a platform based bridge superstructure 
The production of a concept bridge product (a semi-prefabricated concrete bridge) was simulated in 
the BIM based database-driven simulation framework. This implies that alternatives in the 
construction process planning and supply chain design, such as, different resource allocations, 
construction methods, supply chain configurations and project schedule can be explored by simply 
changing corresponding information in the database. The simulation model reads the updated 
information from the relational database, with no need for manual checking and re-formalization of 
the simulation model. By running the simulation model, the performances of alternative platform 
design can be evaluated and compared, (Larsson, Lu, Krantz and Olofsson 2015). Four construction 
scenarios was evaluated using different equipment and prefabrication strategies for the installation of 
reinforcement in the bridge deck. The simuation model was extended to assess the embodied energy 
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use and associated carbon emissions from the on-site construction activities of one of the scenarious 
previously simulated (Krantz, Larsson, Lu and Olofsson, 2015), see 

 

Figure 5. The energy use and CO2 equivalent emissions from the construction of the bridge superstructure 
(broöverbyggnaden), from Krantz, Larsson, Lu and Olofsson, (2015). Note, the variation of energy use and 
emissions from construction stage comes from uncertainties in the production process. 

The energy used for material production (concrete) is considerably higher than for transportation and 
construction. Furthermore, the energy use in each category roughly corresponds to the carbon 
emissions caused.  

The model provide on-site project managers with a tool to assess and compare different construction 
schemes and supply chains from an embodied energy and environmental perspective. However, it 
becomes challenging for on-site project managers to compare and select the best plan when various 
construction schemes and supply chains with diverse environmental metrics. Especially, a 
construction scheme and supply chain that performs well on one environmental metric may perform 
poorly on others, which makes it difficult to select an environmentally-friendly scheme and supply 
chain configuration when they face various alternatives and diverse, or even, contradictory 
environmental metrics. 

The results of this study is published in the “ASCE Journal of Construction Engineering and 
Management”, (Jan Krantz , Johan Larsson, Weizhuo Lu and Thomas Olofsson, 2015) and “Buildings” 
(Jan Krantz, Johan Larsson, Weizhuo Lu, Thomas Olofsson, 2015). 
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3.3 Multi-objective optimization of construction related environmental metrics  
In this study a multi-objective optimization2 method was developed to obtain Pareto optimal solutions 
that will help the on-site project manager to compare and select a construction scheme that performs 
well on multiple environmental metrics (Wang, Feng and Lu 2017). It combines Life Cycle Assessment 
(LCA) with Particle Swarm Optimization (PSO) to evaluate and optimize the emissions generated from 
the supply chain and construction installation process. Assessment and optimization were 
implemented as two integrated and interactively functional modules to complement LCA assessment 
with multi-objective decision support. A case study of a hotel building located in Heilongjiang province  
was conducted to validate the developed method. The building is a reinforced-concrete frame 
structure with sixteen floors above ground and a two floor basement. The result in Figure 6, indicate 
that the developed model is an effective and efficient decision support tool that on-site project 
manager can implement to improve the environmental performance of construction processes. The 
different Pareto optimal alternatives have different impact on the environmental metrics.   

 

 

Figure 6. Environmental metrics of four Pareto optimal alternatives (values in percentage of the original 
alternative emissions),  Wang, Feng and Lu (2017).  

Options 1 and 2 have 12% better overall environmental performance compared with the reference 
case (origin) while option 3 and 4 have approximately 10% better performance.  

The complete results of this study is published in the “Journal of Cleaner Production” by Yaowu Wang, 
Kailun Feng and Weizhuo Lu (2017). 

                                                                 

2  Multi-objective optimization involves more than one objective functions to be optimized simultaneously. Normally, there exists a 

number of Pareto optimal solutions (on the Pareto front) where the optimal value for one objective requires trade-offs on  the 

other conflicting objectives. 
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3.4 A database driven simulator and hybrid LCA assessment tool for constructors  
A majority of the environmental impacts in the case study of the hotel at Heilongjiang province  came 
from the embodied energy use in the supply chain and on-site construction activities (Wang, Feng and 
Lu, 2017). Therefore, a DES-HLCA3 decision support tool has been developed for the evaluation of time, 

costs and embodied energy use (and associated carbon emissions) of on-site construction activities, Figure 7. 

The results of initial application indicates that it provides an effective tool for the project management to 

mitigate  embodied energy and emissions in construction process. The tool can support the contractor and 

on-site project manager to make decision to reduce the embodied energy and emissions prior to start of 

contruction work. A number of feasible alternatives can be compared evaluating “conflicting” construction 

objectives cost, time and environmental performance. The assessed embodied energy can be considered as 

an environmental performance objective in the multiobjective optimization.The tools  could also be used 

when the construction activity has already commenced. For this application it could be very valuable when 

construction scheme has to be changed by reasons such as usually happened design modification. In such 

circumstances, feasible alternatives can be re-evaluated and selected in limited time. 

 

 

Figure 7. The structure of the DES-HLCA decsision support tool 

 

                                                                 

3 DES- HLCA stands for an integrated database-driven Discrete Event Simulation and input-output based Hybrid Life Cycle Assessment 

Simulation module

DES 
simulation

model

Simio Table

Results
Calculation template 

Energy(process 
analysis) +Cost+Time

 CARS 

Multi-objective 
performance

Alternative 
plans  

Data 
connections 

(Bind 
Table) 

Assessment (input-output) & 
Optimization modules

Input-Output 
analysis 

PSO mechanism

Control interface
Upstream 

energy 
calculation

Objective 
control

Background
Programme

Data 
connections 
(Spreadsheet 

Link )
Core database

Assessment module



 

 

 

19 

QU ANTIFYING AND MITI GATING EMBODIED ENER GY IN INDUSTRI ALIZED BUILDING PL ATFORMS  

Figure 8 shows the result of remaining pareto - alternatives in a demonstration study of a planned 
construction project.  

 

Figure 8. Evaluated construction activities. The crossed over activities are not optimal  compared with the 
other alternatives which is solutions on the cost-time-energy pareto front. Kailun and Lu (2018). 

The results of this study has been presented and  published by Kailung Feng and Weizhuo Lu in 
proceedings of the International Conference on Construction and Real Estate Management, Guangzhou 
China 2017 

3.5 Summary 

In summary, the studies in this chapter has successfully developed a database driven simulation method that 

can be integrated with BIM and LCA assessments methods for the evaluation of the embodied energy use 

and related emissions on the construction site. This provides constructors and on-site project managers with 

a tool to assess and compare different construction schemes and supply chains from an environmental 

perspective.  The environmental objective can also be combined with other “conflicting” objectives (such as 

other environmental metrics, costs or time) in order to find Pareto-optimizes solution of different construction 

and supply chain alternatives.   
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4 Environment Product Declaration for 
the building concept Folkhem  

4.1 Introduction 
The LCA scope of the assessment models that were developed and used for evaluating the 
environmental impact  of the Folkhem building is shown in Figure 9. 

 

Figure 9. LCA scope of the EPD development 

4.2 EPD declaration of Folkhem concept building – study 4 
The concept building fron Folkhem is a Multi-family building in solid wood above ground and consists 
10 floors. The bottom level and half of the 2nd floor are below ground level and have therefore been 
built in concrete, while the other floors above ground are constructed mainly with cross-laminated 
timber, Figure 10. Construction components of wood are delivered by Martinson, who specializes in 
building solutions in cross-laminated timber. 

 

Figure 10. Illustration of Folkhem’s planned development in Stadshagen (Petra Gipp) 
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Tyréns has together with Folkhem developed the first Environmental Product Declarations, EPD, for 
an entire building in the International EPD system. The results from the Life Cycle Assessment show 
that material production and construction output contribute to 45 % of the concept building's carbon 
footprint. The operational phase contributes to the remaining 57 % of the carbon footprint while the 
remaining end-of-life contribution is almost negligibly small with 3 %.  

As for the operational phase, energy consumption accounts for the single largest carbon footprint for 
the concept building. Here the assumptions for the mix of electricity and district heating play a key 
role. In the situation where the concept building is used in a real project, the environmental impact can 
be reduced by the property owner through different energy and environmental saving programmes. 
In the Life Cycle Assessment, Fortum is the designated district heating supplier, but other suppliers 
may be involved over the useful life of the building. Many electricity and district heating suppliers are 
actively working to reduce the carbon footprint of their products. In addition, the estimated energy 
consumption is a “worst case” scenario based on the anticipated requirements of a maximum 55 
kWh/m2 Atemp. The actual consumption can only be confirmed in the commissioning of the actual 
building. Smart electrical systems and charging apartment owners for heating costs and other future 
interventions, can also change the energy consumption over the course of the operational phase. All of 
this means that there is a great uncertainty concerning carbon footprints during the operational phase.  

The results also show that the material waste in the production and construction cannot be ignored I  
the assessment of the building’s carbon footprint. Transport to the construction site and the 
preparation of the concept buildings is approximately equal to one third of the material preparation 
contribution. With respect to transportations, transport of concrete, building material, components 
and equipment to the construction site account for the main share of the total carbon footprint of the 
construction process. An assumption that has significant importance for the environmental impact of 
transport is the vehicle fleet used. In this study, trucks have been assumed to maintain the 
environmental class EURO4, but with a different scenario and a demanding set of requirements on 
suppliers, the carbon footprint of the carrier can be reduced. 

Several simplifications and assumptions have been made in the Life Cycle Assessment. An extensive 
programme of data collection has resulted in the inclusion of all major processes and material from 
the life cycle of the concept building.  Some smaller parts have not been included, such as insect net on 
balconies, minor installation products (less than 1% by weight), losses in transport estimations, etc. 
Still it was estimated that the weighted margin of error for products and activities that was not 
included is below 5 % of the environmental impact4.  

Considering impact categories as abiotic resource depletion (ADPM), it is notable that the gypsum 
boards and the site-built interior walls provide a substantial individual contribution. The impact is 
derived primarily from the production of gypsum boards and the production of the cardboard layer. 

The results can also be compared with a previous study conducted for a multi-family building in 
concrete (blå jungfrun) where the energy consumption and carbon footprints are analysed through a 
Life Cycle Assessment (IVL 2015). It must be added that the LCA for the concrete building is not as 
extensive as the LCA concept building. There may also be differences between the assessments 

                                                                 

4 Folkhems Environmental Product Declaration,  http://environdec.com/en/Detail/epd652 
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regarding the level of detail concerning the buildings' constituent products and material. Despite this, 
the comparison is relevant to make in order to get a picture of the magnitude of the climate-impacting 
emissions.  

In the study of the concrete building it have a carbon footprint for the material production of 296 kg 
of CO2 equiv./m2 Atemp. The concept building in wood has less of a carbon footprint with the results 
210 kg CO2 equiv./m2 Atemp for material production, see table 1. The carbon footprint from 
construction production is slightly lower for a concept building made of wood (48 equiv./m2 CO2) than 
for a concrete building (55 CO2 equiv./m2 Atemp), (see Table 1), but the comparison is not entirely fair 
as no civil works have been included in the concrete building study. This means that the difference in 
carbon footprints between the concrete building and concept building made of wood is even greater 
in reality, when it comes to building production. 

Table 1. Comparison of the Folkhem concept building with a concrete building in LCA moule A. 

LCA stage Results from concept 
building made of wood 

CO2 eq./m2 Atemp      

Previous study of concrete 
building * 

CO2 eq./m2 Atemp      

Production stage  A1-A3 210 296 

Construction process A4-A5  48 55 

 

4.3 Summary 
In summary, the study in this chapter has demonstrated the possibility to EPD declare a conceptual 
building. This is especially vauable for industrialized builders which make use of building systems and 
concepts. The complete result of this study can be found in Folkhems Environmental Product 
Declaration,  http://environdec.com/en/Detail/epd652EPD.   

 

 

http://environdec.com/en/Detail/epd652EPD
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5 Optimization of lifecycle energy use 

5.1 Introduction 
Previous results indicated that there is a trade-off between embodied and operational energy. This 
trade-off is a consequence of the use of additional materials and insulations to reduce the operational 
energy use, which result in an increase of the embodied energy use. Hence, this study focus on the 
development of a multiobjective optimization method for the trade-off between the embodied versus 
and operational energy in order to reduce the total lifecycle energy use of the building. The scope of 
the research study is shown in Figure 11. 

 

Figure 11. LCA scope of the developed models 

 
The energy included in this research study is the embodied energy from off-site production stage of 
materials and components, stage A1-A3 in Figure 10, and the operational primary energy use, B6, in 
the use stage.  

5.2 Pareto optimal building design of embodied versus operational energy use. 
A multi-objective optimization algorithm was developed to find the optimal trad-off solution(s) of 
embodied versus operational energy in the design process. The main variables considered in this study 
was selection of insulation materials and their quantities. Figure 12 shows the developed model. BIM 
was integrated with multi-objective optimization in order to facilitate the information exchange 
between the optimization module and the design process. 

The model is divided in 4 modules:  

1. A BIM input-output module to input the geometry and material information from the riginal 
BIM into the operational energy simulation module 

2. A data repository module  input-output module responsible storing material inventory (MI), 
primary energy factors (PEF) and BIM related information that can be used to update the  BIM  
(BD) with the optimal solution 

3. Energy performance simulation module that estimates the operational energy use over the 
lifecycle. Energy plus was used as simulation engine. 
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4. Multiobjective optimization module responsible for estimating the embodied energy of the 
design, selecting alternatives to be estimated within the feasible design space and updating 
the result of the optimal solution(s) in the data respository   

 

Figure 12. The integrated BIM-based multi-objective optimization model for finding Pareto trade-offs between 
embodied versus operational energy use. 

The model was tested in a case study of an energy-efficient (passive-house) dwelling. The dwelling is 
a recently built semi-detached house located in the municipality of Kiruna, Sweden. Both discrete and 
continuous design variables was used in the study such as type of insulation (PIR, EPS MineralWool, 
Cellulose) and their quantities (insulation thickness) in external walls, roof and foundation of the 
dwelling, The design was also optimized in four locations in Sweden,  Kiruna, Gothenburg, Stockholm 
and Karlstad. These cities are  located in the four climate zones in Sweden in accordance with BBR 
(2017). Figure 13 a) shows the the result for dwelling located in Kiruna and b) the location and climate 
zones that was considered in the case study. The dwellings operational energy use (primary energy) 
considering  a lifespan of 50 years is shown on the x-axis while the y-axis shows the embodied energy 
use of the designed climate shell.  

The optimal designs are the Pareto-optimal solutions shown as yellow points in the figure. The green 
point is the utopia point, i.e. a solution that is not possible to attain. The reference (initial) design of 
the climate shell is marked with a square. The operational energy requirements for passive house and 



 

 

 

27 

QU ANTIFYING AND MITI GATING EMBODIED ENER GY IN INDUSTRI ALIZED BUILDING PL ATFORMS  

min-energy standard in Sweden is shown with vertical dashed lines in the figure and can be used to 
select an optimal embodied energy design in the diagram. For instance the optimal embodied design 
for passive house requirements is found where the vertical line crosses the pareto-optimal curve. 

 

Figure 13. a) The result of the optimization for the dwelling located in Kiruna b) Climate zones and cities 
investigated in the case study of the dwelling  

In this case, optimization of the initial design with the same operational energy requirements gives a 
108 GJ of life cycle energy savings. This energy saving is equivalent to 8 years of the operational energy 
use required for heating of dwelling. A more detailed description of the findings is published by Farshid 
Shadram and Jani Mukkavaara in the journal of “Energy and Buildings”, 2017. 

5.3 Summary 
An automated BIM based multi-objective optimization framework was developed to enable 
optimization of embodied versus operational energy trade-off during the building design process. The 
developed process was used in a case study in order to find the optimal design solution(s) of materials 
and their quantities with respect to the embodied and operational energy use. The results indicated 
that the model can support designers to reduce the total life cycle energy use of buildings significantly 
by finding optimal solution(s) of the climate shell during the design process.  

Reference
design

Pareto-optimal solutions

Optimal passive 
house design

a) b)

Reduction of
embodied energy





 

 

 

29 

QU ANTIFYING AND MITI GATING EMBODIED ENER GY IN INDUSTRI ALIZED BUILDING PL ATFORMS  

6 Conclusion 

6.1 Contributions 
The developed frameworks and methods show that it is possible to create an automated or semi-
automated processes for supporting the assessment of the environmental performance during 
design and construction of building projects. The studies and contributions presented and published 
in conference proceedings, journals and as EPD can be classified in three categories, environmental 
design of the  supply chain, assessment of the construction process and design and assessment of life 
cycle metrics,  Figure 14. 

 

Figure 14. Classification of contributions  

The contributions from the different studies can be summarized as: 

 The design of the supply chain:  
✓ The development of a the BIM integrated estimations of cost and carbon emission tool 

(Bidcon) enables the assement and possibility to mitigate the  environmental impacts  in the 
evaluation and selection of materials and components in the design and planning process. 

✓ The second study shows that the use of verified suppliers’ EPDs and transport distances is 
recommended when evaluating and selecting specific suppliers of material and components  

 Embodied energy use and related emissions on the construction site: 
✓ A database driven simulation method was integrated with BIM and LCA assessments methods for 

the evaluation of the embodied energy use and related emissions of activities on the construction 

site. This provides constructors and on-site project managers with a tool to assess and compare 

different construction schemas from a cost, time and environemental perspective. 
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 Life cycyle metrics: 
✓ The possibility to EPD declare a conceptual building, chapter 4, is especially vauable for 

industrialized builders which make use of building systems and concepts. 
✓ An automated optimization framework of embodied versus operational energy trade-off was 

developed to find optimal design solution(s) of the climate shell during the design process.  

Since China has the largest share of greenhouse gas emission in the world, the application off these 
methods in the building industry in China can have a significant impact on the reduction of the global 
GHG emissions. but also on GHG emissions from  building projects in Sweden. Since supply chain 
imports in Sweden contribute to the GHG emissions in other countries (2/3 of the total consumption 
based emissions in Sweden) it is important ta assess environmental impacts in the supply chain. Our 
recommendation to the construction industry is to select suppliers with verified EPDs. Only then the 
environmental impacts from the supply chain (including transportation to site) can be evaluated. This 
will also put pressure on up-stream suppliers to improve the environmental performance of their 
processes. 

6.2 Further research 
The developed BIM-based multi-objective optimization model in this study was mainly focused on the 

trade-off optimization of embodied versus operational energy by accounting the impact of the 

materials. However, with respect to the building design process some other parameters (e.g. building 

shape, building rotation, window to wall ratio and application of renewable energy systems) can have 

a significant impact on the trade-off between embodied and operational energy. One potential for 

future research is thus to develop further the BIM-based multi-objective optimization model presented 

in this study to also include the aforementioned design parameters. In addition, embodied and 

operational energy were the main objective functions subjected to the optimization in the developed 

BIM-based multi-objective optimization model in this study. The future research may therefore extend 

the model further to enable optimization of the trade-off of additional objectives, such as life cycle 

cost, the use of recycled material (circular economy), etc during the building design process.  
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