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Abstract  

The construction industry is one of the leading industries that are mainly responsible for 
the environmental impact of the economy. Implementing ambitious climate protection 
and resource efficiency is a prime environmental policy issue and becoming a top priority 
of many worldwide policies. As extraction and production of natural resources, also to 
meet the high demand of the construction industry, account for a significant amount of 
global Greenhouse Gas (GHG) emissions, integration of climate with resource use 
policies is highly needed. Useful methods, indicators, and tools should be promoted to 
exploit synergies and to identify and minimize possible trade-offs.  

In this research, the tendency of material footprint assessment within sustainability 
assessment schemes for buildings is studied. Needs for quantifying material footprint 
within life cycle assessment (LCA) boundaries of buildings are identified. A 
methodology of assessing material footprint in relation to climate footprint is developed, 
using available life cycle databases for construction materials. The material footprint is 
measured in terms of Raw Material Input (RMI) and Total Material Requirement (TMR), 
RMI refers to the cumulative used raw materials and TMR accounts for all primary 
materials extracted from nature, including both used and unused materials. The water 
footprint includes quantitative water use (WSFquan), regionally weighted using the 
Available Water Remaining (AWARE) method. The climate footprint is quantified by 
the indicator Global Warming Impact (GWI) using Global Warming Potential (GWP) 
values from the fifth assessment report of the Intergovernmental Panel on Climate 
Change (IPCC). 

The methodology approach is tested for different building elements such as 
foundations and exterior walls. In terms of the whole building, the footprint is calculated 
per square meter of the usable floor area. The methodology is also applied for the 
assessment of different concrete production technologies such as the Ultra-High-
Performance Concrete (UHPC) in comparison with conventional concrete. Results are 
provided for a bridge construction design. Sensitivity analyses are conducted to measure 
the potential saving of natural resources and GHG emissions. The approach is described 
and tested for different life cycle phases of a construction project according to EN 15804 
and EN 15978. 

Building Information Modelling (BIM) provides a collaboration platform between 
different building design parties to facilitate the decision-making process. Recently, BIM 
has been widely used to increase environmental performance during the design phase of 
the building. To enhance the BIM environment with the ability of resource and climate 
footprints assessment, the novel application Sustainable Resource Application (SURAP) 
is developed. The application has integrated the developed methodology in BIM. By 
using SURAP, architects, construction planners, and engineers can quantify resource and 
climate footprints per square meter of usable floor area of the building. Results can be 
visualized to identify which part of the building is associated with the highest 
environmental impact. The output results of the SURAP are validated using conventional 
and BIM-based LCA tools. 
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Zusammenfassung  

Die Bauindustrie gehört zu den Industriezweigen, die zusammengenommen für den größten 
Anteil der Umweltauswirkungen der Wirtschaft verantwortlich sind. Die Umsetzung 
ambitionierter Maßnahmen für Klimaschutz und Ressourceneffizienz ist ein zentrales Thema der 
Umwelt- und Nachhaltigkeitspolitik, das weltweit hohe Priorität genießt. Die Gewinnung und 
Produktion von natürlichen Ressourcen, auch zur Deckung des hohen Bedarfs der Bauindustrie, 
ist für einen erheblichen Anteil der globalen Treibhausgasemissionen verantwortlich. Daher ist 
eine Integration von Klima- und Ressourcennutzungspolitik dringend erforderlich. Um 
Synergien zu nutzen und mögliche Zielkonflikte zu identifizieren und zu minimieren, sollten 
geeignete Methoden, Indikatoren und Instrumente zur Anwendung kommen. 

Die vorliegende Arbeit beschreibt die Verwendung des Material-Fußabdrucks im Rahmen 
von Nachhaltigkeitsbewertungen von Gebäuden und hebt die Notwendigkeit hervor, den 
Material-Fußabdruck im Zuge deren Ökobilanzierung zu quantifizieren. Zudem wird eine 
Methodik zur Bewertung der Nutzung der natürlichen Ressourcen Material und Wasser in 
Relation zur Klimawirkung mit verfügbaren ökobilanziellen Datenbanken für Baustoffe 
präsentiert. Der Material-Fußabdruck wird durch die Indikatoren  Primärrohstoffaufwand (RMI) 
und Gesamtprimärmaterialbedarf (TMR) beschrieben, wobei der RMI sich auf die insgesamt 
genutzte Menge an Primärmaterial bezieht und der TMR zusätzlich ungenutztes Material 
berücksichtigt und somit die gesamte Primärmaterialentnahme aus der Umwelt bewertet. Der 
Wasser-Fußabdruck beinhaltet die Quantitativen Wassernutzung (WSFquan) gewichtet nach der 
regionalen Wasserfügbarkeit mithilfe der Methode Available Water Remaining (AWaRe). Der 
Klima-Fußabdruck wird durch den Indikator Global Warming Impact (GWI) abgebildet, der auf 
Werten aus dem fünften Bewertungsbericht  des Intergovernmental Panel on Climate Change 
(IPCC) basiert. 

Der methodische Ansatz wird an verschiedenen Gebäudeelementen wie Fundamenten oder 
Außenwänden getestet. Auf Gebäudeebene werden die Ergebnisse pro Quadratmeter Nutzfläche 
berechnet. Zusätzlich wird die Methodik auf verschiedene Verfahren zur Herstellung von Beton 
angewandt, um beispielsweise ultrahochfesten Beton (UHPC) mit herkömmlichem Beton zu 
vergleichen. Die Ergebnisse werden anhand eines Konstruktionsentwurfs für eine Brücken 
erzeugt. Mit Hilfe von Sensitivitätsanalysen wird das Einsparungspotenzial für Ressourcen und 
Treibhausgasemissionen zur Reduzierung der Fußabdrücke ermittelt. Der methodische Ansatz 
wird für verschiedene Lebenszyklusphasen eines Bauvorhabens gemäß EN 15804 und EN 15978 
beschrieben und getestet. 

Das Building Information Modelling (BIM) bietet eine Plattform für die Zusammenarbeit 
zwischen verschiedenen Akteuren in der Gebäudeplanung, um Entscheidungsprozesse zu 
unterstützen. In jüngster Zeit wird BIM häufig eingesetzt, um die Entwurfsphase der 
Gebäudeplanung nachhaltiger in Bezug auf Ressourcennutzung und Klimaverträglichkeit zu 
gestalten. Um die erarbeitete Bewertungsmethode für den Ressourcen- und Klima-Fußabdruck 
in die BIM-Umgebung zu integrieren, wird eine neuartige Software-Anwendung („App“) 
namens Sustainable Resource Application (SURAP) entwickelt. Durch den Einsatz von SURAP 
können Architekten, Bauplaner und Ingenieure den Ressourcen- und Klimafußabdruck pro 
Quadratmeter Nutzfläche des Gebäudes quantifizieren. Zudem können die Ergebnisse 
visualisiert werden, um zu verdeutlichen, mit welchem Gebäudeteil die meisten 
Umweltauswirkungen verbunden sind. Die Ergebnisse von SURAP werden mit Hilfe 
konventioneller ökobilanzieller Werkzeugen basierend auf BIM validiert. 
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1. CHAPTER ONE 

Introduction 

This chapter introduces the research motivation, describes the research objectives, and 

provides an overview on the structure and the red thread of the thesis. 

Research motivation 

Buildings and infrastructures prevail the use of materials resources (OECD, 2018). This 

is accompanied by a significant amount of Greenhouse Gas (GHG) emissions, energy 

consumption  (Nwodo & Anumba, 2019), and water use (Mannan & Al-Ghamdi, 2020).  

Moreover, an enormous amount of wastes is generated from buildings, for instance, 

buildings in Europe are responsible for about 30 % of all wastes (European Commission, 

2019). Many new design technologies of construction materials and buildings have been 

recently developed, which need adequate methodologies and tools for assessing the 

possible saving of natural resources and the ecological rucksack. 

While environmental impacts of construction materials have been presented in many 

studies (Roberts et al., 2020), in most of them, the scope is limited to the output-oriented 

impacts such as GHG emissions and acidification potentials. In terms of natural 

resources, only the energetic resources are considered. This led to the lack of natural 

resource assessment in the sustainability assessment schemes, crediting efficient energy 

buildings, and assessing innovative scenarios. 

So far, there has been no useful methodology that could be used for quantifying the 

use of material resources within the contemporary construction materials database. Such 

a methodology should cover the actual input of material resources taken from nature 

within the Life Cycle Assessment (LCA) boundaries. It should address the 

recommendations of the international policies to achieve resource efficiency by 

providing the assessment of material footprint in relation to the energy, water, and 

climate footprints for different construction and buildings designs.  

Integrating LCA with building design tools is increasingly crucial research area. This 

could provide better performance of quantifying environmental impacts at the design 

stage of buildings (Hollberg & Ruth, 2016). Building Information Modelling (BIM) 

comprises the digitalization of building information. BIM environment offers a wide 

range of collaboration to increase the performance efficiency of buildings design and to 

minimize risks in the construction projects. However, many studies have tried to integrate 
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the sustainability assessment into BIM (Llatas et al., 2020), it still lacks the accounting 

for material and water footprints.  

Research objectives  

The main objectives of the thesis follow this sequence:  

• Studying the state of the art of the life-cycle-wide environmental impacts of the 

natural resources and how the material footprint can be integrated into the sustainability 

assessment systems of buildings. 

• Developing a methodology for quantifying resource and climate footprints of the 

construction materials and buildings to enhance the decision-making process of 

construction planning for sustainable use of resources in buildings and infrastructures. 

The developed approach should be applicable to the conventional tools to provide 

learning on natural resource use assessment within the LCA boundaries and a 

contemporary database. 

• Testing the applicability of the methodology in assessing various scenarios of 

buildings and infrastructures, considering different design alternatives that could provide 

the same functionality. 

• Integrating this methodology into the BIM environment by developing an 

application called “Sustainable Resource Application (SURAP)” for quantifying the 

cradle-to-gate material, water, and the climate footprints at the design stage of buildings.  

• Testing and validating the usage of SURAP and the applicability to update and 

upgrade for further developments.  

Research design 

The workflow of the thesis is shown in Figure 1.1  . Chapter one represents the 

introduction part of the thesis. In this chapter, research motivation and the main scope of 

the research work have been described, and a general overview of the research questions 

has been given, which will be answered in the subsequent chapters. 

Chapter two includes the description of the research gap and proposes a method for 

quantifying resource and climate footprints of buildings and infrastructures. The 

worldwide sustainability assessment schemes such as Building Research Establishment's 

Environmental Assessment Method (BREEAM) in the UK, Leadership in Energy and 

Environmental Design (LEED) in the USA, and German Sustainable Building Council 

(DGNB) represent the state-of-the-art of sustainability assessment schemes. The study 

shows that , so far, the material footprint including cumulative raw material used and 
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unused extractions has been disregarded. Recent policies have recommended an increase 

of resource efficiency by means of reduction of primary raw material input while 

enhancing the utility of products and services (BMUB, 2016a; VDI, 2018). A method 

has been developed to address the material footprint and to account for the system-wide 

material input of construction processes. The material footprint is identified in terms of 

Raw Material Input (RMI) and Total Material Requirement (TMR). The applicability of 

the method is tested for a multi-family building with five alternatives of the exterior 

walls. The resource and climate footprints are determined per functional unit of the 

building. The article presented in this chapter provides a useful insight for stakeholders, 

planners, and engineers to have a comprehensive methodology for assessing the life cycle 

of material resource use in the construction sector. In this chapter, material footprint is 

defined as material resource use. 

In chapter three, the method developed in the previous chapter is used to conduct the 

environmental assessment within LCA boundaries of Ultra-High-Performance Concrete 

(UHPC) in comparison with Conventional Concrete (CC). Material and water footprints 

of UHPC are provided for the first time by the article presented in this chapter. 

Environmental impacts are determined for the cradle-to-grave life cycle of the UHPC, 

considering precast and ready-mix concrete. A case study of two design options of a 

bridge is tested, in which, either totally CC or CC enhanced with UHPC is used. 

Sensitivity analyses have been conducted to testify the possible improvements into the 

environmental performance. Different types of cement have been studied in addition to 

different scenarios of steel fibers production. UHPC constructions show relative lower 

footprint values when the use phase is considered. 

Chapter four includes combining the results of the assessment of resource and climate 

footprints with a BIM tool. Different design alternatives for the elements of an office 

building are assessed. The building is planned to be a showcase for resource efficiency 

in the building sector. The footprint values have been integrated in the BIM environment 

to be visible to the planners and architects so that they could have an overview of the 

footprint performance of different alternatives. However, for this approach to become 

useful for the producers of building elements to enhance the environmental performance 

of their products, a dynamic application would still be needed, which could conduct the 

footprint assessment simultaneously with the changing of different design alternatives.  
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In chapter five, a BIM application is developed, which is called SURAP. It can 

address the resource and climate footprints of the building during the design stage. In the 

background, it has a set of data i.e. Footprint Data (FD), those are developed using the 

Python editor in openLCA software. FD represent the cradle-to-gate environmental 

impact per one unit of every option of the building. FD are developed according to GaBi 

Extension database XIV: construction materials. It is organized into MS Excel sheet 

format for different building elements and system categories. FD are processed using 

ClosedXML, which is a .NET library used to manipulate, read, and write MS Excel files. 

SURAP is developed as a new tab in Revit Autodesk software. The C# programming 

language is used for the development of the new tab within Autodesk Revit software. 

The Autodesk Revit Application Programming Interface (API) is used for data exchange 

between the Revit core system and the developed plug-in. SURAP could be used by 

architects and buildings planners with less experience of the LCA. It could save time and 

cost of the footprint assessment during the design phase of buildings. Different building 

materials and elements can be analyzed in terms of material, water, and climate 

footprints. The results could be visualized to define where the most footprint comes from. 

The application is tested for a multi-family building with different alternatives of exterior 

wall materials. The validation process of the calculations and interoperability in the back 

end of the SURAP application corroborate that SURAP could be further used regarding 

the footprint assessment. 

Chapter six summarizes the conclusions of the research works and gives an outlook 

on the further developments of the resource integration in BIM. 

The term footprints, which will be regularly used in the thesis, refer to the material, 

water, and climate footprints. Resource footprint refers to material and water footprints. 

Material footprint covers life-cycle-wide of the abiotic raw materials including the 

system-wide energetic and non-energetic material resources. 
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2. CHAPTER TWO 

 

Life Cycle Input Indicators of Material Resource Use for Enhancing 

Sustainability Assessment Schemes of Buildings 

Abstract  

Suitable methods and indicators to address the sustainability of resource use in the 

buildings sector are still in their infancy. Indicators and sustainability assessment 

schemes so far focus on the availability of natural resources, while the efficiency of their 

use is widely neglected. This article focuses on the assessment of the material resource 

use in buildings (abiotic raw material including energetic material), and the applicability 

of material input indicators, Raw Material Input (RMI) and Total Material Requirement 

(TMR), within life cycle assessment (LCA) using a contemporary database. The 

indicators cover the life-cycle-wide cumulative input of raw materials and the total 

primary materials requirements which in relation to the functionality of buildings ought 

to be minimized when resource efficiency shall be increased. The applicability of the 

resource use indicators in addition to the corresponding Global Warming Impact (GWI) 

is tested for a virtual design of a multi-family building. The use of resources and GHG 

emissions is determined per square meter of the usable floor area. The calculations 

comprised the production phase of the construction materials and the use phase of the 

building with five alternatives of exterior walls using GaBi XIV construction materials 

database. Results show that accounting for material input indicators i.e. RMI and TMR 

could significantly contribute to the reduction of a building’s material resource use and 

explicitly define the actual input weight of each material resource taken from nature and 

the accompanied ecological rucksack within LCA framework.  

Keywords: Building assessment systems; life cycle assessment; raw material input; 

sustainability indicators; exterior walls  

2.1 Introduction 

The construction and use of buildings are responsible for 40 % of global resource use 

(UNEP, 2007) and 40 % of worldwide annual energy consumption (European 

Commision, 2017). A recent study from the International Resource Panel identified an 

increasing global extraction of raw materials per year (on average) over the past four 

decades within four categories: non-metallic minerals 4 %, metal ores 2.8 %, fossil ores 
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1.9 %, and biomass 2 % (UNEP, 2016). The increasing demand for construction minerals 

dominates the growth of global raw material extraction (European Commision, 2016; 

OECD, 2013).  

Business as usual may lead to more than doubling of global raw material extraction 

until 2050 (UNEP, 2017). There is a growing international awareness of developing 

strategies to avoid the risk of lacking resource supply (European Commission, 2011a). 

At the same time, resource scarcity seems to be less critical than the growing impacts of 

resource extraction, use, and disposal of resulting wastes along the production-

consumption chain (Bringezu, 2015). Resource efficiency acquired greater relevance in 

the German, the European, and the international public policy agenda, both to enhance 

supply security and to reduce the life-cycle-wide environmental impacts of resource use. 

‘’Effective natural resource policies require adequate monitoring tools, in particular 

indicators for the use of materials, energy, land, and water as well as waste and GHG 

emissions of national economies’’ (Bringezu et al., 2020, p.1). 

The association of German engineers (VDI, 2017) showed that constructing a new 

building or renovating an existing one could be done with huge savings of natural 

resources - and consequently cost savings - with respect to the structure and insulation 

of the building envelope. Resource efficiency provides an opportunity to keep costs under 

control by reducing material and energy consumption. It will be key to make progress on 

the climate change issue and to achieve the EU target of reducing GHG emissions by 80 

to 95 % by 2050 (European Commission, 2011a).  

LCA, as it is described in ISO 14040 and ISO 14044 (Finkbeiner et al., 2006), is 

currently state-of-the-art in quantifying the environmental impacts and material resource 

use over the life cycle of products. It is considered a potent tool for assessing the 

environmental impacts of buildings (Khasreen et al., 2009). With regard to the 

assessment of the resource use, Klinglmair et al. (2014)  showed that the evaluation could 

be done in relation to their depletion (consumption related to geological/natural reserve), 

scarcity (economic availability of a resource), and criticality (a resource that is scarce 

and also crucial for society). There is, however, no commonly accepted method or 

indicator to assess the life-cycle wide environmental impacts over the use of material 

resources (Klinglmair et al., 2014; Rørbech et al., 2014). 

Material resource use for products is usually quantified in the inventory of LCA by 

recording material inputs and outputs of processes along the production-consumption 
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chain. The assessment of impacts resulting from those material flows is usually done 

within the life cycle impact assessment step, where depending on the conceptual 

background, different assessment methods are applied such as CML baseline, which is 

expressed by Abiotic Depletion Potential (ADP) to indicate the scarcity of certain 

element, in terms of element extraction rate per ultimate reserve in relation to antimony 

(Guinée, 2002). Characterization factors for ADP with respect to new technologies is 

limited, moreover, because of future technological developments, data on the ultimately 

extractable reserve will never be exactly known (van Oers & Guinée, 2016).  

Indicators of the life-cycle-wide use of raw materials have been established to 

measure progress towards increased resource productivity (efficiency at the level of 

whole economies) (OECD, 2008a). Those indicators, such as RMI (or cumulative raw 

material use) and TMR (including used and unused extractions), are gaining increased 

attention for engineering designs (BMUB, 2016a; VDI, 2016a, 2016b).  

However, material resource use in terms of RMI and TMR has not been considered 

by any of the sustainability assessment systems for buildings e.g. Leadership in Energy 

and Environmental Design (LEED) and German Sustainable Building Council (DGNB). 

LCA of material resource use is partly addressed by different categories such as energy, 

material, and waste. Sustainability assessment systems for buildings should assess the 

input and output impacts of buildings within the framework of LCA calculations (DIN 

EN 15643-2, 2011).  

Trends in sustainability assessment systems and certification methodology for 

buildings have been intensively studied (Doan et al., 2017). Many studies have been 

developed to discuss the assessment of material resource use in terms of economic, 

social, and environment categories rather than assessing the feasibility of environmental 

indicators related to material resource use (Castro-Lacouture et al., 2009; Park et al., 

2017; Yoon & Park, 2015). Mateus & Bragança (2011) developed an approach for 

assessing and rating buildings in terms of sustainability, in this study, the material and 

waste management category is considered to promote efficient use of materials e.g. use 

of recycled materials and reusability of construction components. Yudelson (2008) 

deduced that the background system of the LEED should have more focus on the LCA 

of material resource use. Horvath (2004) showed that more studies are needed to quantify 

the use of resources of the construction material not only for the building use phase and 

energy issues but also for the raw material extraction of different construction processes 
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such as steel and concrete production.  

This article will answer these questions: (1) how are the life-cycle-wide 

environmental impacts of the material resource use currently being quantified by 

sustainability assessment systems for buildings?, (2) which indicators can be used to 

enhance sustainable use of resources in buildings?, and (3) which tool could be developed 

for the calculations of those indicators within the LCA framework and a contemporary 

database?.  

2.2 Assessment of material resource use in the building sector 

In recent years, various systems have been developed to assist the certification of 

buildings in terms of sustainability. For this study, The German assessment systems, 

German Assessment System for Sustainable Building (BNB) and DGNB are selected 

together with three globally well-known assessment systems (Doan et al., 2017), namely, 

Building Research Establishment's Environmental Assessment Method (BREEAM), 

Comprehensive Assessment System for Built Environment Efficiency (CASBEE), and 

LEED to see how material resource use is assessed. Environmental Product Declaration 

(EPD) (EN 15804:2014-07, 2016) as a standard for presenting the environmental impact 

of construction materials is also considered. Table 2.1 shows indicators related to 

material resource use considered by those sustainability assessment schemes for 

buildings.  
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Table 2.1 Indicators of material resource use considered by the sustainability assessment schemes 
for buildings 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Materials 
resource 
use 

Category Indicator/ 
subcategory 

Unit BNB BREE-
AM 

CAS-
BEE 

DGNB LEED EPD  
 

LCA 
framework 

Abiotic 
depletion 
potential for 
non-fossil  
resources  

kg Sb-
eq. 

      

Use of 
secondary raw 
materials  

kg       

Materials for 
recycling 

kg       

Materials for 
energy recovery  

kg       

Abiotic 
depletion 
potential 
for fossil 
resources  

MJ       

Renewable 
primary energy  

MJ       

Non-renewable 
primary energy  

MJ       

Total primary 
energy 
requirement  

MJ       

Use of 
renewable and 
non-renewable 
secondary fuels  

MJ       

Energy Reduction of 
energy use 

MJ       

Proportion of 
renewable 
primary energy 

%       

Material   Reuse of 
existing 
materials 

-       

Durability -       
Use of recycled 
materials 

-       

Waste 
management 

Waste disposed 
of in landfills 

-       

Recyclability -       
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BNB  

BNB evaluates resource use under the demand of resources category. The evaluation 

includes non-renewable primary energy demand, total primary energy demand, and 

renewable primary energy (BMUB, 2017a). Ökobaudat serves as a mandatory data 

source within the BNB, which is a German database specific for construction materials 

and building services, provided by the German Federal Ministry for the Environment, 

Nature Conservation, Building and Nuclear Safety (BMUB, 2017b).  As a consequence, 

only the energy requirements for the production and use of materials are included, while 

primary and secondary material input is not considered. Therefore, BMUB (2016b) 

recommended studies on indicators that could address life-cycle of material use 

explicitly. 

BREEAM (Version: International New Construction 2016) 

BREEAM is released by the Building Research Establishment (BRE) in the UK (BRE, 

2017). It assesses the use of material resources mainly through promoting building design 

with less primary energy requirement. By the reduction of energy, it aims to reduce GHG 

emissions and energy cost. The use of secondary materials is defined under the material 

category i.e. use of recycled aggregates. BRE stated frankly under the category of 

material efficiency that future versions of BREEAM need to include assessment criteria 

which could enhance efficient use of material resources. The efficient use of materials 

could be facilitated through using fewer materials, reusing of construction components, 

using materials with a higher level of recycled content, and using materials that are 

environmentally verified e.g. materials with EPD (BRE, 2017). However, the net effect 

on the life cycle requirements of primary materials remains uncertain as long as adequate 

indicators are missing.  

CASBEE (Version: new construction for building 2014) 

CASBEE is developed by the Japanese Sustainable Building Consortium (JSBC, 2014). 

It supports the reducing use of non-renewable resources under the category of resources 

and materials, e.g. by use of high-strength materials to reduce the quantity of material 

use, use of recycled materials such as copper slag aggregate, and reusing of existing 

structural frames, e.g. using of existing piles or existing building walls. The energy 

category evaluates attempts to reduce energy consumed by cooling or heating. The 

efficient use of energy is assessed according to less primary energy consumption in 

comparison with energy conservation standards, use of quantification systems that could 
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lead to a more efficient operation, and use of solar power systems. Reusability is assessed 

by evaluating measures that can promote recycling at the demolition stage. It pursues to 

reduce the use of metallic compounds such as lead and its compounds in order not to 

affect interior air quality (JSBC, 2014).  

DGNB (Version: Core and scheme sheet 2014) 

DGNB (2014) considers material resource use only indirectly through giving credits for 

the reduction of the overall consumption of primary energy and maximization use of 

renewable energies. The evaluation includes the use of non–renewable primary energy 

over the life cycle of the building for manufacture, repair, operation, and disposal. The 

proportion of renewable primary energy refers to its average in the total primary energy 

requirement of the building compared with the values of a reference building. Calculation 

values can be established from the energy verification according to the national energy-

saving ordinance (e.g. EnEV in Germany). Recyclability is evaluated under the 

deconstruction and disassembly category based on disassembly easiness, the scope for 

disassembly, and recycling plan. Explicit indication of cumulative used and unused 

extraction of material resources is still missing.   

LEED (Version: v4 for building design and construction 2017) 

LEED is developed by the U.S. Green Building Council (USGBC, 2017). Category of 

energy and atmosphere and category of materials and resources are mainly dealing with 

toxic effects and human health, economic harms of exaggerated energy use, and waste 

disposed of in landfills. The materials and resources category comprise storage and 

collection of recyclables and construction and demolition waste management planning 

to reduce the waste disposed of in the landfill. Persistent, bioaccumulative, and toxic 

source reduction of mercury, lead, cadmium, and copper should be accounted to reduce 

the release of those substances over the life cycle of building materials. Building life-

cycle impact reduction is to encourage reuse of historic buildings and to use life cycle 

assessment for the whole building which includes depletion of non-renewable energy 

resources. The category of building product disclosure and optimization is to encourage 

the selection of environmentally verified products and resources that have been used in 

an efficient manner, e.g. materials with a high amount of recycled content, and to 

minimize the generation of harmful substances. The construction and demolition waste 

management category is to reduce the amount of construction and demolition waste 

disposed of in landfills (USGBC, 2017). 
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EPD  

EPD is a way to present the environmental impacts of a product, i.e. the results from an 

LCA, in a standardized manner based on common rules specified as product category 

rules. EPDs are based on ISO 14025 and EN 15804. EPDs assess the use of material 

resources by three categories: (1) abiotic depletion potential for fossil resources and non-

fossil resources for the environmental impact category, (2) renewable and non- 

renewable primary energy demand, secondary materials, use of renewable and non-

renewable secondary fuels for the resource use category, and (3) materials for recycling 

and materials for energy recovery for the output flows and waste category (EN 15804, 

2016). Sustainability assessment systems such as BREEAM and LEED encourage the 

use of products and construction materials for which life-cycle information such as EPD 

is available.  

The overview shows that the material intensity issue including cumulative raw 

material used and unused extractions is disregarded by the building assessment systems 

in terms of sustainability. It seems worthwhile to consider appropriate indicators to 

address this issue explicitly and account for the systems-wide material input, i.e. the 

actual input weight of material resources taken from nature and the accompanied 

ecological rucksack. 

2.3 Material input and resource use indicators RMI and TMR 

The efficient use of resources is required to keep resource consumption and the 

associated environmental impacts within safe operating thresholds (Bringezu, 2015). 

Material and energy flows are considered as pressures in the DPSIR (Driving forces 

Pressure State Impact Response) framework. Those pressures are determined by 

production technologies and the demand by industry, state, and households. In response 

to growing detrimental impacts, increasing resource efficiency may be expected not only 

to decouple economic growth from environmental degradation but also to bring major 

economic opportunities, improve productivity, lower costs and grow competitiveness 

(Bringezu et al., 2016; European Commission, 2011a). Various countries like Germany 

and Japan have established policy programs and defined targets to increase their material 

productivity (Bringezu et al., 2016; EEA, 2016; European Commission, 2014). 

The Raw Material Input (RMI) measures the life-cycle wide use of raw materials 

(biomass, fossil fuels, metal minerals, non-metallic minerals), for the economy of a 

country, it comprises both domestic extraction and extraction in foreign regions 
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associated with the imports; the imports are therefore calculated in terms of Raw Material 

Equivalents (Eurostat, 2017); for a product such as a building, it comprises all primary 

extraction or harvest used as input to the production-consumption-recycling chain, and 

here it is also termed "cumulative raw material input"(VDI, 2016a, 2016b). The RMI 

measures the material volume flow or mass turnover which passes through 

manufacturing, final production, use, and recycling, ending up as emission or final waste 

disposal.  

The TMR measures the life-cycle-wide primary material extraction associated with 

production, consumption, and recycling of products. It includes the used extraction i.e. 

the RMI as well as the per se “unused” extraction, both from domestic and foreign 

sources (Bringezu et al., 2003; Bringezu & Schütz, 2001; OECD, 2008b). Different raw 

materials have varying ratios of used to unused extraction, and base materials differ with 

regard to their specific TMR. For instance, primary copper has 348 kg/kg TMR, while 

copper with an average of 50 % recycled content has 179 kg/kg TMR (Wuppertal 

Institute, 2014). Therefore, buildings and their components may differ regarding both 

their RMI and TMR. 

Life-cycle-wide use of primary materials for products and infrastructures was 

originally quantified by the Material Input Per Service Unit (MIPS) concept. The MIPS 

concept was created by Schmidt-Bleek (Schmidt-Bleek, 1993) and his colleagues at the 

Wuppertal Institute in Germany. The concept aims to calculate the primary material 

consumption of the whole life cycle, distinguishing abiotic materials, biotic materials, 

soil movements, water, and air input (Ritthoff et al., 2002). While those categories should 

be kept separate and must not be added to one single value, the sum of the abiotic and 

biotic materials and soil movements was defined as TMR, which needs to be treated 

separately from water input and air input, the latter being usually proportional to GHG 

emissions. TMR and the other material input categories can be interpreted as turnover 

based indicators of environmental pressure (Bringezu et al., 2003; Bringezu & 

Bleischwitz, 2009). The efficient use of resources is presented by MIPS through the 

required material input in relation to the service unit of the product e.g. usable floor area 

of a building. Reduction of material input in the construction sector could be achieved 

by saving materials, using recyclable materials, using material and energy-efficient 

technologies, and, regarding subsequent phases of the construction, reusability of 

components. 
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VDI (2016a) identifies RMI in three categories: (1) RMI energy-based resources (all 

energy resources); (2) RMI metal-based resources (all metallic minerals); and (3) RMI 

construction and industrial minerals (all other non-metallic minerals).  

RMI and TMR could enhance building assessment schemes in terms of sustainable 

use of resources according to the following: 

• DIN EN 15643-2 (2011), a framework for the assessment of environmental 

performance for assessing the sustainability of construction works, specified that the 

resource use indicators should cover the use of primary raw materials which could be 

incorporated by RMI. 

• Within the LCA framework, so far, most of the indicators are output-oriented e.g. 

climate change and acidification potential (Wiesen et al., 2014). ADP denotes scarcity of 

natural resources, whereas the relative scarcity of an element may be an economic 

obstacle (which is usually overcome by price cycles) rather than an environmental issue. 

As consequence, ADP has been criticized for not being an adequate indicator of material 

resource use (Sala et al., 2016). DIN EN 15804 (2014) explicitly points to the 

circumstance that the ADP indicator is subject to further research and that more 

appropriate indicators for material resource use may be considered in the future. Instead, 

indicators should be used which address the actual amount of primary materials taken 

from nature (BMUB, 2016a). 

• RMI is currently at the forefront as an indicator of material resource use, both at 

the national and the product level. The German Association of Engineers (VDI, 2016a, 

2016b) has drafted a method guideline to determine the cumulated raw material input 

("Kumulierter Rohstoffaufwand") for products and services. This indicator is identical to 

the RMI at the national and European level. 

• Recycling scenarios should be assessed in terms of resource-saving. The crushing 

process of recycled asphalt and concrete consumes a high amount of fuel i.e. intensive 

use of energetic resources and contributes to increasing carbon footprint (Kucukvar et 

al., 2016). Life cycle wide comparison of material resource use for the production and 

recycling process chain could be covered by RMI indicator to determine the net savings 

of primary raw materials by recycling. 

• Regarding TMR, the German Resource Efficiency Programme (ProgRess) 

explicitly states that the unused extraction should be considered important due to its 

environmental relevance (BMUB, 2016a). At the same time, there is a wide consensus 
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that economic performance should be improved with the minimal use of raw materials 

and the least environmental burden. The latter seems better reflected by TMR rather than 

RMI. While TMR has been criticized for summarizing different materials, it is a strength 

of this indicator to measure all materials (only) in the form of their primary material 

equivalent, analogously to the cumulative energy requirements summing up quite 

different energy carriers into their primary energy equivalent. TMR can thus be 

interpreted as an indicator of generic environmental impact potential resulting from the 

mass turnover of virgin natural material (Bringezu et al., 2003). 

2.4 Methods 

The methodology for assessing material resource use and corresponding GWI in the 

building sector is developed within LCA framework as shown in Figure 2.1.  

2.4.1 Databases and software 

Material resource use and GWI are quantified within the LCA framework. For the 

calculations, openLCA software 1.7.0 is used with GaBi - XIV construction materials 

database SP29. OpenLCA is a professional LCA and footprint software (GreenDelta, 

2006).  

RMI and TMR  

A new life cycle impact assessment (LCIA) method is developed and reported in 

Appendix 2.A, which can be imported into LCA software within GaBi database to 

calculate RMI and TMR. Flow category for the characterization factors is defined as the 

abiotic raw materials listed in GaBi-based Life Cycle Inventory (LCI) (elementary flows/ 

resource in ground). Characterization factors for RMI (CFRMI) are based on data 

developed by the Sustainable Resource Futures group in the Centre for Environmental 

Systems Research at the University of Kassel.  
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CFRMI for metals are defined as metal ore. The priority order for the source of the data 

for CFRMI is set according to coverage of ores mined, updated data, preciseness, and 

availability. Consequently (1) Raw Material Equivalents of metal content need to be 

calculated based on the metal content of metal ores. Where more than one metal was 

contained in the run of mine, economic allocation (Schoer et al., 2012; VDI, 2016a) based 

on their market prices (ten years average) has been applied for allocating the value of the 

gross ore to the specific metals within the ore (see Appendix 2.B). This was done for 

chromium, cobalt, copper, gold, iron, lead, molybdenum, nickel, silver, and zinc on the 

basis of global weighted average ore grades based on data from Murguia (Murguia, 2015) 

derived from the former Raw Materials Group (RMG), which became later part of S&P 

Global Market Intelligence (S&P Global Market Intelligence, 2018). (2) Data for 

European imports of aluminium, cadmium, manganese, palladium, platinum, rhodium, 

tantalum, tin, titanium, and zirconium are used directly as they are described by IFEU 

Institute (Schoer et al., 2012). (3) Where single metal in the run of mine, metal content 

in the run of mine is considered. Metal concentration within ore is defined as it is 

described in ecoinvent 3.1 database (Wernet et al., 2016), category of elementary 

flows/resource in ground. For instance, ecoinvent 3.1 defined the ore of barite as “Barite, 

15% in crude ore, in ground” therefore CFRMI for barite is equal to 6.6 kg/kg (1/0.15). 

GaBi database (sphera company, 2020) provides no information on the metal 

concentrations within the ore. This was done for barite, cerium, europium, fluorine, 

fluorspar, gadolinium, gallium, indium, kaolin, kieserite, lanthanum, lithium, magnesite, 

neodymium, phosphorus, praseodymium, samarium, and tellurium. 

Energetic resource use e.g. natural gas or brown coal is quantified in mass units. RMI 

is calculated based on the mass of the used energetic resource as the flow is defined in 

GaBi database. For example, CFRMI for natural gas “natural gas 44.1 MJ/kg” is equal to 

0.02 kg/MJ (1/44.1). For other resources, direct mass input in the LCA process chain is 

used i.e. CFRMI is equal to 1 kg/kg.  

Characterization factors in terms of TMR (CFTMR) are represented by the quantity of 

RMI plus unused extractions (Saurat & Ritthoff, 2013). The ratio of unused domestic 

extraction to used extraction was taken from WU (2016), representing the main 

worldwide average for internationally traded commodities used in Europe and domestic 

relations for construction minerals. 

The beta version of the developed LCIA method is tested in openlca with GaBi 
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database and reported in Appendix 2.A as an XML file. It could be imported as an 

ecospold file into any LCA software and database, but in this case, the compatibility of 

the elementary flows of the LCIA method and the database should be crosschecked. 

GWI  

GWI indicates GHG emissions, specified in kg CO2 equivalents. For our LCA 

calculations, values (CFGHG) of 100-year time horizon global warming potential relative 

to CO2 (GWP100) are considered, which are also recommended by the Joint Research 

Center (JRC) of the European Commission (European Commission, 2011b). These 

values are developed by the Intergovernmental Panel on Climate Change (IPCC) and are 

reported in the fifth assessment report (AR5)  (Myhre et al., 2013). The authors use these 

values for calculating GWI based on IPCC 2013 with GaBi database. The elementary 

flows are defined as they are described in CML baseline (Acero et al., 2016; Guinée, 

2002). GreenDelta (GreenDelta, 2018a) provides IPCC 2013 only for ecoinvent 

database, which could not be used for GaBi database because of the differences in the 

elementary flows. The LCIA method is also reported in Appendix 2.A, which could be 

directly imported into openlca and used within GaBi - XIV construction materials 

database SP29. 

2.4.2 LCA calculations of material resource use and GWI  

Based on EN 15978, cradle to gate (A1-A3) life cycles stages of the exterior walls 

alternatives and their effect on building energy consumption during the use phase (B6) 

are considered corresponding to the related case study and the availability of LCI data. 

However, the same methodology could be applied to the whole life cycle of the buildings 

and construction components when sufficient data are available. A1-A3 life cycle stages 

represent raw material supply, transport, and manufacturing of exterior walls 

alternatives. B6 life cycle stage represents building energy demand due to heating, other 

operational energies existing in B6 life stage, e.g. lighting, are not considered. 

 UNEP-SBCI (2010) assessed annual emissions from building by reporting the GHG 

emissions per square meter of the gross floor area of the building. Here, a square meter 

of usable floor area (DIN 277, 2016) is used as the functional unit, which is used for the 

energy analysis. To make the calculation results consistent, the authors used the same 

functional unit for the considered life cycle stages rather than a square meter of the 

exterior wall for A1-A3 life cycle stages.  
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Calculations of RMI, TMR, and GWI within LCA are done by multiplying the mass 

of resource input (for RMI or TMR) or mass of GHG (for GWI) by the corresponding 

characterization factor per unit of the product (Equation  2.1)                                                                                                                                                   

(DIN EN ISO 14044, 2006; Klöpffer & Grahl, 2009).  

 𝑋𝑋𝑛𝑛 = �𝑚𝑚𝑖𝑖 ∙ 𝐶𝐶𝐶𝐶𝑖𝑖
𝑖𝑖

  2.1 

                                                                                                                                                   

𝑋𝑋𝑛𝑛: RMI in kg per unit of the product n, or TMR in kg per unit of the product n, or GWI 

in kg CO2 equivalent per unit of the product n. 

𝑚𝑚𝑖𝑖: For RMI or TMR, the mass of input resource 𝑖𝑖 from nature in kg per unit of the 

product n. For GWI, the mass of GHG 𝑖𝑖 in kg per unit of the product n. 

𝐶𝐶𝐶𝐶𝑖𝑖: For RMI, 𝐶𝐶𝐶𝐶 𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖   in kg per kg of resource 𝑖𝑖. For TMR, 𝐶𝐶𝐶𝐶 𝑇𝑇𝑅𝑅𝑅𝑅𝑖𝑖 in kg per kg of 

resource 𝑖𝑖 .For GWI, 𝐶𝐶𝐶𝐶 𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖= 𝐺𝐺𝐺𝐺𝐺𝐺 100𝑖𝑖 in kg CO2 equivalent per kg GHG 𝑖𝑖 

For the production phase (cradle-to-gate) of the construction materials of the exterior 

walls, the deemed unit of the product is related to the quantities of the construction 

materials required for the whole building per usable floor area as shown in Equation  2.2. 

Details of the processes are shown in Appendix 2.B. 

 

 𝑌𝑌𝐵𝐵 = �𝑋𝑋𝑛𝑛 / 𝑈𝑈𝐶𝐶𝑈𝑈
𝑛𝑛

  2.2                                                              

Equation  2.3 is used for calculating the annual material resource use and GWI of 

A1-A3 life cycle stages of the exterior walls and B6 life stage per usable floor area of the 

building. To make the calculation results of the production phase and the use phase 

comparable, values of cradle to gate (A1-A3) life cycle stages are divided by building 

lifespan. Building lifespan is assumed for 50 years (Khasreen et al., 2009). Here, five 

processes of the building are done in openLCA with the production of the related exterior 

wall alternative for the whole building and corresponding thermal energy demand for the 

use phase of the building. Calculations of the thermal energy to fulfill the heating demand 

for the use phase of the building (B6) are described in section 4.3 and Appendix 2.B.  

 

 𝑌𝑌𝐵𝐵 = �𝑋𝑋𝑛𝑛/ 𝑈𝑈𝐶𝐶𝑈𝑈 
𝑛𝑛

∙ a  2.3                                                           
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𝑌𝑌𝐵𝐵: RMI or TMR in kg per functional unit of the building, or GWI in kg CO2 equivalent 

per functional unit of the building. 

UFA= Useable Floor Area (m²) 

a   = Building lifespan (year) 

2.4.3 Energy calculations 

For assessing the use phase of the building, an Excel-based software tool with Macros 

programmed in Visual Basic developed by the Department of Building Physics at the 

University of Kassel (University of Kassel, 2016) is used to calculate the primary energy 

demand due to heating for different case study alternatives. Gas condensing boiler 20-

120 kW with supported solar hot water system is used for heating and hot water 

requirements. Commonly in Germany, solar systems cover about 40 % of the hot water 

demand for multi-story buildings (Viessmann group, 2008). Quantifying resource use for 

the use phase of the building is based on the resources used by the boiler to fulfill the 

heating demand.  

Details of the construction components e.g. exterior walls, geometrical information 

of the building, and type of the heating plant are shown in Appendix 2.B. Results have 

been automatically generated by the Macros. The energy calculation is based on Energy 

Saving Ordinance 2016 EnEV. EnEV is an essential part of the energy and climate 

regulations of the German government (BBSR, 2013). Direct primary energy use and 

heat use calculations are based on the German standards DIN V 4701-10 and DIN V 

4108-6, respectively, (Gottfried et al., 2005).  

2.4.4 Case study description 

Whole building 

A virtual design for a multi-family building with two floors and a basement is applied as 

a reference building for the case study. The plan of the building is shown in Figure 2.2. 

Annual heating demand for the use phase of the building is determined according to 

different alternatives of exterior walls. The usable floor area of the building is calculated 

according to DIN 277 (DIN 277, 2016) equals to 620.3 m². The area of the exterior walls 

of the basement is 180.9 m² and the area of the exterior walls of the ground and the first 

floor is 308.2 m².  U-values for the basement floor, flat roof, entrance door, and windows 

are 0.28, 0.16, 1.8, and 1.3 W/ (m² *K), respectively. 



CHAPTER TWO                                                        Resource and Climate Footprints 

22 
 

 
 

 

Figure 2.2 Plan of the building 
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Exterior walls alternatives 

Five alternatives of exterior walls have been used to determine the possible variation 

in the RMI, TMR, and GWI. The design of the alternatives has been selected in 

cooperation with architects within European standards and technical reports from the 

materials producers. Two types of masonry have been used for the alternatives design: 

(1) masonry with insulated and structural units namely: exterior walls (EW) with the 

aerated concrete block (ACB), EW with the lightweight concrete block (LCB), and EW 

with perlite filled brick (PFB), and (2) masonry with structural units and external thermal 

insulation composite system (ETICS) either with expanded polystyrene (EPS) or with 

stone wool (SW) i.e. UBE refers to EW with unfilled brick and ETICS (EPS), and SLBE 

refers to EW with sand-lime brick and ETICS (SW). The alternatives are varying in their 

insulation and structural elements, specifications of shared constructional materials 

(interior paint and gypsum plaster) are based on DIN EN ISO 10456 (2010), thin-bed 

mortar and exterior cementitious plaster according to DIN 4108-4 (2017), bitumen 

emulsion and bitumen sheet corresponding to DIN EN ISO 10456 (2010). Details of the 

exterior walls alternatives are shown in Figure 2.3 altogether with Table 2.2.  For 

the alternatives ACB, LCB, and PFB, masonry with bearing and insulating function is 

used. Thermal conductivity and load capacity of the aerated concrete block are clarified 

in detail by the producer (Xella Group, 2016). The lightweight concrete block is defined 

following DIN V 18151-100 (2005) and specifications from the German Association of 

lightweight concrete (2018).   
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Figure 2.3 D
esign of the exterior w

all’s alternatives 



 CHAPTER TWO                                                       Resource and Climate Footprints 

25 
 

Table 2.2. Inventory of construction materials for the alternatives of the exterior walls 
 

Shared 
construction 
material 

The symbol 
concerning 
Figure 2.3 

EW 
regarding 
the building 

Thickn
ess 
[mm] 

Densit
y 
[kg/m³] 

Lam-
bda λ 
[W/ 
(m 
*K)] 

  Interior paint 1 Whole 
building 

0.3 1350 - 

Gypsum interior 
plaster 

2 Whole 
building 

15 1000 0.4 

Mortar (Thin-
Bed mortar) * 

4 Whole 
building 

365 1500 1 

Exterior 
cementitious 
plaster** 

5 Ground and 
first floor 

15 1000 0.38 

Bitumen 
emulsion 

6 Basement 0.2 1050 0.17 

Bitumen sheet 7 Basement 4.5 1100 0.23        
The alternative 
of the exterior 
wall 

structural and/or 
insulation 
element 

     

ACB Aerated 
concrete block 

3s Whole 
building 

365 472 0.1 

LCB lightweight 
concrete block 

3s Whole 
building 

365 800 0.24 

PFB Perlite filled 
brick 

3s Whole 
building 

365 806 0.09 

UBE 
 
 
 
 
 

Unfilled Brick 3m Ground and 
first floor 

240 1200 0.45 

ETICS with 
EPS 

8 Ground and 
first floor 

160 13.8**
* 

0.035 

Unfilled brick 3b Basement 240 1200 0.45 
ETICS with 
XPS 

9 Basement 120 16.14*
** 

0.029 

SLBE 
 
 
 
 
 

Sand-lime brick 3m Ground and 
first floor 

175 1800 0.99 

ETICS with SW 8 Ground and 
first floor 

160 30.84*
** 

0.035 

Sand Lime 
Brick 

3b Basement 240 1800 0.99 

ETICS with 
XPS 

9 Basement 120 16.14*
** 

0.029 

Note: * Thickness of mortar is defined as it is needed for ACB, LCB, and PFB. ** Exterior 
cementitious plaster is only used for ACB, LCB, and PFB. The finishing coat for UBI and SLBE 
is already included in the ETICS. ***Quantity is per square meter for the given thickness i.e 
kg/m². 
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German Poroton association and producers defined the technical specifications for the 

considered perlite filled brick  (German Poroton GmbH, 2017; Schlagmann Poroton, 

2018; Wienerberger, 2016). 

The alternatives of UBE and SLBE, exterior walls with ETICS, are mainly consisting 

of interior paint, interior plaster, masonry, insulation material, insulation fastening, and 

exterior plaster. Rules for the application of buildings with sand-lime brick are clarified 

(DIN 20000-402, 2017; DIN EN 771-2, 2015), Xella Group (2017) defined the technical 

details for the considered sand-lime brick, and those related to unfilled brick are 

described by the working group for masonry brick in the Federal Association of the 

German Brick Industry (AMZ, 2004). Life cycle inventory for ETICS with SW or EPS, 

in the GaBi database, includes all necessary materials used e.g. glue and finishing coat 

(GreenDelta, 2018b). 

For the basement exterior walls, the width of sand-lime brick is changed to 24 cm as 

shown in Table 2-2 corresponding to the compressive strength requirements (DIN EN 

1996-3/NA, 2012). XPS is used instead of EPS and SW as insulation material of the UBE 

and SLBE alternatives according to strength requirements against backfilling (DIN 4108-

10, 2015). Unlike ETICS with SW or EPS, LCA for ETICS with XPS should have two 

processes, one for XPS and one for other needed materials like adhesion and coating as 

described in Appendix 2.B.  For all alternatives, bitumen emulsion and sheets are used 

for the basement exterior walls in order to fulfil waterproofing requirements. Diagram of 

GaBi process inventory for the considered life cycle stages is shown in Figure 2.4.  
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Figure 2.4 D
iagram

 of the processes life cycle inventory in G
aB

i X
IV

 construction 
m

aterials database. 
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2.5 Results and discussion 

2.5.1 Production phase of the construction materials 

The production phase represents the A1-A3 life cycle stages of the exterior wall’s 

alternatives. Mass, RMI, TMR, and GWI for each construction material of the exterior 

wall’s alternatives are shown in Table 2-3. The results of each material are calculated 

concerning its whole quantities in the building per UFA (see equation 2.2). The mass 

quantity of thin-bed mortar is defined as needed for ACB, LCB, or PFB i.e. the width of 

365 mm. Cementitious exterior plaster is used only for ACB, LCB, and PFB because the 

ETICS for UBE and SLBE includes exterior coat. 

Table 2.3 shows that RMI for the interior paint is more than 14 times its mass. This 

is due to the dominating content of titanium (48 %) and the cumulative raw material used 

for titanium, CFRMI (60 kg/kg). The main component of thin-bed mortar and exterior 

plaster is cement, RMI for both represents about two times the amount of mass. RMI of 

the aerated concrete block is the higher one between options of the structural and 

insulated element, nevertheless, its mass is lower than the mass of lightweight concrete 

block and mass of perlite filled brick. TMR of perlite filled brick and unfilled brick are 

relatively high, unused extractions are 1.2 for perlite filled brick and 1.7 for unfilled brick 

in comparison with their mass. Even though ETICS is significantly contributing to 

reducing heating or cooling demand for the use phase of the building, resources are 

intensively used by its production. ETICS consists of adhesive, insulation material, glass 

fiber mesh, and finishing coat. Gypsum interior plaster contains a high amount of water 

content. Water input is not included in the RMI (would be accounted separately). 

Therefore, RMI is lower than the mass quantity. 

 

Table 2.3 Material resource use and GWI for the construction materials of the exterior 
walls alternatives per usable floor area of the building- for the production phase (A1-A3) 

 
 
 

Construction material Symbol in 
relation with 
Figure 2.3 

Mass 
[kg/m²] 

RMI  
[kg/m²] 

TMR  
[kg/m²] 

GWI  
[kg CO2 
eq./m²] 

 
 

Shared construction 
material 

     

Interior paint     1 0.32 4.74 5.31 0.58 
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Gypsum interior plaster  2 11.83 9.70 10.01 1.50 
Thin-Bed mortar 4 3.47 7.16 7.33 1.34 
Cementitious exterior 
plaster 

5 7.45 15.02 15.44 2.82 

Bitumen emulsion 6 0.07 0.11 0.12 0.02 
Bitumen sheet 7 1.46 3.61 3.64 0.54 

The 
alternati
ve of the 
exterior 
wall 

structural and/or 
insulation element 

     

ACB Aerated concrete block 3s 135.88 302.49 308.14 60.57 
LCB Lightweight concrete 

block  
3s 230.28 273.81 277.16 29.88 

PFB Perlite filled brick  3s 232.01 259.01 541.88 36.78 
UBE Unfilled brick  3m 227.12 392.32 781.46 54.90 

ETICS with EPS               8 6.86 24.34 25.34 7.78 
SLBE Sand lime brick  3m 156.54 230.62 231.28 18.48 

ETICS with SW          8 15.33 71.97 74.92 17.23 
Sand lime brick 
(basement) 

3b 126.00 185.63 186.16 14.87 

 ETICS with XPS for 
UBE and SLBE              

     

 XPS 9 1.12 7.32 7.44 3.12 
 ETICS for XPS 

(Adhesion coating, and 
silicone resin plaster) 

9 3.59 10.56 11.04 1.86 

 

Figure 2.5 shows that the production of UBE is accompanied by a high amount of 

GHG emissions. The process of backing bricks is responsible for 77 % of the GHG 

emissions.  The production process chain of the aerated concrete block includes a 

relatively high amount of GHG emissions, which is mainly represented by mixing, 

casting, cutting, and hardening of the primary materials. GHG emissions to produce 

ETICS with SW in comparison with the production of ETICS with EPS is more than 

doubled. The production process of sand-lime brick and ETICS contribute to more than 

86 % of the GHG emissions of SLBE.  
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Figure 2.5 Global warming impact (GWI) for the production phase, cradle to gate A1-A3 
life cycle stages, of the exterior walls alternatives per usable floor area of the building. 

 

Figure 2.6 shows that material resources are also intensively used by UBE in 

comparison with other alternatives. The process of backing bricks is responsible for 85 

% of the material resource use. The material resource use of the production of ETICS 

with SW in comparison with the production of ETICS with EPS is high. LCB is mainly 

consisting of lightweight concrete block, material resource use of LCB is relatively low 

for the production phase of the exterior walls; however, before deciding on a final choice 

of design, the effect on the use phase of the building should be taken into consideration. 
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Figure 2.6 M
aterial resource use for the production phase, cradle to gate A
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2.5.2 Considering the use phase of the building 

The results show the trade-off between resource use, in terms of RMI and TMR, and 

GWI of the production phase (A1-A3) of the exterior walls alternatives and 

corresponding energy consumption to fulfill heating demand (Table 2.4) during the use 

phase of the building (B6). However, B1-B5 life cycle stages are not considered through 

the work of the article due to lack of data within the selected database (GaBi XIV 

construction materials-SP29). The developed approach could be extended to cover the 

whole life cycle of the buildings when adequate data is available.  

Material resource use and GWI of the annual thermal energy demand are calculated 

for the used gas condensing boiler. To get the results of the production phase (A1-A3) 

annually, RMI, TMR, and GWI are divided in relation to building lifespan (50 years) 

using Equation  2.3.  

Table 2.4 Annual heating demand for the use phase of the building per usable floor area 
(Qh), using different alternatives of the exterior walls 

A variant of the Building U-value W/ (m² *K) Qh 
[MJ/(m² * a)] Basement Ground and first floor 

Building with ACB 0.261 0.260 119,556 
Building with LCB 0.585 0.566 169.992 
Building with PFB 0.236 0.232 115.704 
Building with UBE 0.206 0.188 109.368 
Building with SLBE 0.219 0.202 111.492 
 

Figure 2.7 shows that material resources are intensively used by building variant with 

UBE, even though ETICS used with UBE contributes to reducing heating demand, and 

consequently, its RMI and TMR for the use phase of the building. Relatively high amount 

of unused extractions during the production process of UBE is used.  However, material 

resource use for the production phase of LCB is relatively low, RMI and TMR are 

considered high in comparison with other alternatives according to the higher heating 

demand for the use phase of the building with LCB. In terms of environmental 

perspective, TMR is considered more important, therefore, for those selected examples, 

the building variant with ACB would represent the best alternative in terms of highest 

material resource efficiency. The authors do not recommend any alternative, as the 

primary purpose of the calculations is to show the diverging results of possible planning 

alternatives.  
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The varying results between RMI and TMR also indicate that it could be misleading 

if only RMI would be calculated. In that case, PFB would be regarded as superior, while 

its life-cycle-wide environmental pressure due to the overall extraction of natural 

resources would be higher than that of three other alternatives. 

 

 

Figure 2.7. The annual material resource use of the production phase, cradle to gate A1-A3 
life cycle stages, of the exterior walls alternatives and related energy consumption (B6) to 

fulfill the heating demand for the use phase of the building per usable floor area  

 

Figure 2.8 shows that the good insulation provided by the UBE leads to reduce GWI 

of the building use phase, whereas, its production phase includes relatively high GWI. 

Building variant with PFB, SLBE, or UBA would provide similar good results in terms 

of GWI in comparison with the other variants. GWI of the building variant with LCB is 

the highest due to the high energy consumption during the use phase of the building. An 

additional insulation layer could be used within the design of LCB, which, however, 

would render the performance with regard to material resource use even less favorable.  

The results indicate that there may be a trade-off between the savings of GHG 

emissions and material resource savings. Deciding which of the shown example designs 

would be preferable may either require a priori setting which of the impact categories is 

deemed more important, or the results could be used to find an optimal solution 

considering both or even multi-criteria.  There are further quantitative methods such as 

normalization which could assist in comparing the results of different impacts and 

assessing the overall best solution e.g. Hoppe, Thonemann, & Bringezu (2017). 
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Figure 2.8 Annual Global Warming Impact (GWI) of the production phase, A1-A3 life 
cycle stages, of the exterior walls alternatives, and of the related energy consumption (B6) to 

fulfill the heating demand for the use phase of the building per usable floor area.   

2.6 Conclusions 

This article started with an overview of how material resource use is being assessed by 

existing sustainability assessment systems for buildings. Most of the environmental 

impact categories considered are output-oriented (e.g. global warming, acidification, and 

ozone depletion). Some of the assessment systems are considering the use of material 

resources to indicate quite specific environmental or human health issues e.g. LEED 

intends to reduce the use of lead, cadmium, and copper. So far, indicators in terms of 

energy consumption and recycling potential dominate resource use related indicators by 

the established assessment systems. Indicators measuring the life-cycle wide input of 

primary raw materials are still widely lacking in the assessments used also for 

certification. 

Recent policies have been developed demanding an increase of resource efficiency, 

i.e. a reduction of primary raw material input while enhancing the functionality and utility 

of products and services. Progress towards this end is measured on the basis of indicators 

such as the Raw Material Input and the Total Material Requirement. 

The authors investigated the feasibility of considering material resource use 

indicators RMI and TMR in order to supplement the sustainability assessment. A method 

has been demonstrated to measure the quantity of life-cycle wide input of material 

resources for building components. Material resource use is measured per functional unit 

of a building. The use of resources can be quantified using the LCIA, beta version, 
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developed by the authors, together with contemporary databases, supplemented with 

material-specific coefficients of used and unused material extraction per unit of material.  

The case study shows that the selection of construction materials e.g. insulation 

materials and the design of building components such as exterior walls can significantly 

reduce the amount of material resources required for production and during the use phase 

of the building (considering heating or cooling). The higher specific material intensity of 

materials and components may contribute to reducing the overall material resource use 

of the building. This corroborates that building materials should be chosen on the basis 

of ex-ante assessments of resource requirements covering the production and use phase 

of buildings. Moreover, it has been shown that deciding on the choice of construction 

design based only on global warming impact data could miss opportunities to save 

material resources. In the future, building design will have to combine climate protection 

and resource efficiency. The tools presented here enable the user to do so. 

This article could be valuable for stakeholders, planners, and engineers to have a 

comprehensive methodology for assessing the life cycle of material resource use in the 

building sector. The necessity for considering those indicators, in parallel with 

calculations models, in the framework of sustainability assessment schemes for buildings 

are shown. Integrating the proposed approach and material resource use indicators into 

buildings´ sustainability certification systems will be an essential task for future studies.    
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3. CHAPTER THREE 

Environmental Assessment of Ultra-High-Performance Concrete Using 

Carbon, Material, and Water Footprint 

Abstract  

There is a common understanding that the environmental impacts of construction 

materials should be significantly reduced. This article provides a comprehensive 

environmental assessment within Life Cycle Assessment (LCA) boundaries for Ultra-

High-Performance Concrete (UHPC) in comparison with Conventional Concrete (CC), 

in terms of carbon, material, and water footprints. Environmental impacts are determined 

for the cradle-to-grave life cycle of the UHPC, considering precast and ready-mix 

concrete. The LCA shows that UHPC has higher environmental impacts per m3. When 

the functionality of UHPC is considered, at case study level, two design options of a 

bridge are tested, which use either totally CC (CC design) or CC enhanced with UHPC 

(UHPC design). The results show that the UHPC design could provide a reduction of 

14%, 27%, and 43% of carbon, material, and water footprint, respectively. 

Keywords: Sustainable buildings; Life cycle assessment; Construction materials; 

Concrete; Durability 

3.1 Introduction 

The construction industry is recognized as an issue of the global environmental impact 

(Huang et al., 2018). Cement production is responsible for up to 8 % of global GHG 

emissions (Fischedick et al., 2015). This is because of intensive use of energy for heating 

requirement of raw materials during manufacturing processes of cement (Di Maria et al., 

2018; Huntzinger & Eatmon, 2009). Investigating efficiency of material resource use is 

an increasingly important area in the construction sector (Sameer & Bringezu, 2019), 

according to the enormous increase of the construction minerals extraction (European 

Commision, 2016). Water use in the construction industry has received considerable 

critical attention (Gerbens-Leenes et al., 2018) due to its intensive consumption within, 

for instance, cement manufacturing (Schorcht et al., 2013). Investigating alternative 

concrete technologies is a continuing concern for defining the contribution to the 

environmental impact mitigation (Miller et al., 2017; Schneider, 2015).  

The innovation of Ultra-High- Performance Concrete (UHPC) is increasingly used 

(Lim et al., 2019; Liu et al., 2018) for its high compressive strength of more than 150 
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MPa with less mass relative to the compressive strength, and the highest tensile strength 

of more than 10 MPa (Schmidt et al., 2014; Wetzel et al., 2016; Wille et al., 2011) . 

UHPC, sometimes addressed as Reactive Powder Concretes (RPC), has superior 

technical performance, e.g., exquisite granular compactness and premium porosity 

reduction (Roux et al., 1996). Compact Reinforced Composite (CRC) provides the 

combination of the strength with ductility, which increases the durability and formability 

of the concrete (Hansen & Aarup, 2015). The experimental comparison of UHPC with 

Conventional Concrete (CC) indicated that the strength of the used UHPC is three to four 

times greater than CC strength (Shafieifar et al., 2017). In addition to that, UHPC has 

higher modulus of elasticity, higher tensile strength, and ductility. Even though, UHPC 

is subject to an energy-intensive production process (Schmidt et al., 2014) and requires 

a relatively longer mixing time (Schmidt, 2008), it could provide a longer service life 

without costly maintenance measures in comparison with CC (Schmid et al., 2008) . 

Questions have been raised regarding state of the art of UHPC research works related to 

its environmental performance. 

However, UHPC provides a significant reduction in the ratio of mass to load-bearing 

capacity (Michael Schmidt et al., 2014). It is problematic to decide for instance whether 

material resources are efficiently used without defining life cycle wide use of material 

resources (Bringezu, 2015; Sameer & Bringezu, 2019). While environmental impacts of 

a different mixture of CC are intensively researched (Celik et al., 2015; Colangelo et al., 

2018; Miller et al., 2016a, 2016b), substantial environmental issues, e.g., cumulative raw 

material used (Sameer & Bringezu, 2019; Association of German Engineers, 2018) and 

water use (Boulay et al., 2018) are still insufficiently studied (Petek Gursel et al., 2014). 

These issues have recently received major awareness  (BMUB, 2016a; EEA, 2016; EN 

15804, 2012b; Association of German Engineers, 2016a, 2018). There is a general lack 

of studies on LCA of UHPC, Stengel & Schießl (2009) investigated environmental 

impact of three bridges which essentially erected using UHPC in three different countries 

Canada, Germany, and USA. Randl et al., (2014) investigated environmental impacts of 

concrete using efficient energy hydraulic additives instead of cement in UHPC. 

Consequently, regarding the presented studies, global warming impact is considered, 

whereas life cycle wide use of material and water resource are still missing. 

Environmental performance of construction materials could be comprehensively 

described by using LCA (Hester et al., 2018) based on ISO 14040 and ISO 14044 
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(Finkbeiner et al., 2006). Sustainability assessment of natural resources, e.g., water and 

material resources, is a key aspect of achieving the Sustainability Development Goals 

(SDG) (Bringezu et al., 2016). Recently, indicators of material resource use, i.e., Raw 

Material Input (RMI) and Total Material Requirement (TMR), which are within the focus 

of this article, have been defined as crucial indicators to be considered within 

sustainability assessment schemes of buildings (Sameer & Bringezu, 2019). In addition, 

it is highly recommended to use the AWARE (Assessing impacts of Water consumption 

based on Available Water Remaining) method for the assessment of water footprint 

(Boulay et al., 2017).  

This article systematically investigates carbon, material, and water footprints of 

UHPC in comparison with CC, aiming to facilitate the decision-making process, 

undertaken by the construction planners. The footprints are assessed within cradle-to-

grave life cycle stages according to EN 15804 (2016). 

3.2 Materials and Methods  

3.2.1 Reference Mixtures of Concrete 

Specifications of concrete are regulated in DIN EN 206 (2017). Two mixtures of UHPC, 

M3Q and M2Q, are selected from the results of a research project within the German 

priority program 1182 (Michael Schmidt et al., 2014). Regarding the ready-mix concrete, 

M3Q mixture of UHPC is considered, whereas M2Q mixture of UHPC is considered 

concerning the precast concrete. The environmental analysis is done in comparison with 

two mixtures of CC, ready-mix concrete (C35/45) and precast concrete (C50/60) (Becke 

et al., 2014), where 35 and 50 refer to the minimum compressive strength in MPa of a 

cylinder specimen of concrete with 150 mm in diameter and 300 mm in length, 

respectively, and 45 and 60 refer to the minimum compressive strength in MPa of a cube 

specimen of concrete with 150 mm edge length after 28 days when tested according to 

DIN EN 206. Mixtures of CC and UHPC are shown in Table 3.1. 

Table 3.1 Reference mixtures of Conventional Concrete (CC) and Ultra-High-Performance 
Concrete (UHPC) (Becke et al., 2014; Michael Schmidt et al., 2014). 

Material Unit 
UHPC CC 

Ready-mix Precast Ready-mix Precast 
M3Q M2Q C35/45 C50/60 

Cement/CEM I 52.5 R-HS/NA 
(SR 3) kg/m3 775 832 - - 

Cement/CEM II/A kg/m3 - - 356 405 
Quartz sand kg/m3 946 975 - - 
Sand kg/m3 - - 640 654 
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Gravel kg/m3 - - 806 827 
Grit kg/m3 - - 362 371 
Water kg/m3 183 166 165 141 
Quartz powder kg/m3 193 207 - - 
Silica fume kg/m3 164 135 - - 
Fly ash kg/m3 - - 47 25 
Superplasticizer kg/m3 23.50 29.40 - - 
Plasticizer kg/m3 - - 1.80 4.60 
Micro steel fibers kg/m3 192 192 - - 
Total kg/m3 2476.50 2536.40 2377.80 2427.60 

UHPC is known for its high compressive strength of more than 150 MPa with low 

water/cement ratio (Lim et al., 2019). Schmidt et al. (2014) defined the type of cement 

for M3Q and M2Q as fast hardening Portland cement (CEM I 52.5) with high sulfate 

resistance and low alkali content of 52.5, which represents the minimum compressive 

strength at 28 days according to DIN EN 197-1 (2018).  

For the CC mixtures, the average mixture of concrete in Germany is used as it has 

been described for the EPD of the concrete by the German Federal Association of 

Concrete (Becke et al., 2014). For the comparison’s purposes, quantities of aggregates 

are defined as primary raw materials by considering the proportion of the recycled 

aggregate within the quantity of primary aggregate. In order to define type of cement, 

average content of clinker in cement is 85 % (Eyerer & Hans-Wolf, 2000), which 

corresponds to the cement type of CEM II/A according to  DIN EN 197-1 (2018). 

3.2.2 Life Cycle Assessment 

The LCI of UHPC in comparison with CC is described based on the life cycle stages 

according to EN 15804 (2012a). The input and output environmental flows are shown in 

Figure 3.1. The database of GaBi XIV construction materials (thinkstep, 2019) is used 

with openLCA software (GreenDelta, 2020b) for the LCA modeling for all processes 

except the production process of steel fibers, which is not available within the GaBi XIV 

database. Therefore, ecoinvent 3.1 database (Wernet et al., 2016) is used for the LCA 

modeling of steel fibers. In terms of the comparison at the construction materials level, 

LCI is described using average values in Germany. Interviews with stakeholders have 

been conducted for the non-documented data such as transportation distance of quartz 

sand to the concrete plant. LCI processes are described in Appendix 3.A. Secondary 

materials are allocated according to EN 15804. Fly ash is a by-product of the coal power 

station. Silica fume is a by-product of the production of silicon metal or ferrosilicon 

alloys. Therefore, their environmental impacts are only considered for the transport to 

the concrete plant. 



CHAPTER THREE                                                        Resource and Climate Footprints 

40 
 

 

 

Figure 3.1 D
iagram

 of life cycle assessm
ent processes of cradle-to-grave of 

U
ltra-H

igh-Perform
ance C

oncrete (U
H

PC
) and C

onventional C
oncrete (C

C
). N

ote: 
T is transport. 



 CHAPTER THREE                                                       Resource and Climate Footprints 

41 
 

Life Cycle Stages A1–A3 

A1 life cycle stage of the concrete represents cradle-to-grave inventory (A1–A3) of its 

ingredient, for instance, A1–A3 production process of cement. Cement production includes 

raw material extraction (A1), transport of the raw materials (A2), and production process 

(A3), e.g., manufacturing of clinker, and cement grinding. Production process of quartz sand 

and quartz powder is defined within GaBi XIV construction materials. This process includes 

grinding into smaller particle size and separation from impurities. Superplasticizers are 

defined according to the EPD of the German association of construction chemistry (Deutsche 

Bauchemie) (DBC, 2016). Production process of steel fibers is exemplified by Stengel & 

Schießl (2014). The process chain includes crude steel production, hot rolling, descaling, dry 

drawing, wet drawing, annealing, twisting, and cutting.  

A2 life cycle stage represents the transport of concrete ingredients to the concrete 

plant. Transporting types and distances of cement, aggregate, fly ash, plasticizers are 

taken from an LCA study conducted by the German ready-mixed concrete association 

(German Ready-Mixed Concrete Association, 2007), while interviews are undertaken 

with experts from stakeholder for getting transporting information of quartz sand, quartz 

powder, silica fume and steel fibers. Types of transport and distances are shown in Table 

3.2. 

Table 3.2 Transportation types and distances of concrete ingredients. 

Material Transport 
Distance (km) 

Type of Transport Reference Truck % Train % Ship % 
Sand; Gravel; Grit 39 88 1.90 10.10 

(Wernet et 
al., 2016) 

Cement 106 79.90 8.90 11.20 
Fly ash 100 100 - - 
Plasticizers 100 100 - - 
Quartz sand; 
Quartz powder 150 100 - - Interviews 

Silica fume 700 100 - - Interviews 
Steel fibers 230 100 - - Interviews 

 

A3 life cycle stage comprises the concrete mixing process. Concerning CC, life cycle 

inventories of electricity, diesel and fuel oil demand are analyzed according to data from 

a technical report of energetic optimization of concrete production of the ready-mix 

concrete plant done at the University of Stuttgart (Garrecht et al., 2015). The electricity, 

diesel and fuel oil demand are determined by averaging the energy demand of three 

concrete plants. It contains, in addition to the single mixing process, the whole needs of 
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the concrete plant, for instance, lighting and laboratory operation requirements. The 

energy demand to produce UHPC has to be calculated according to the longer mixing 

process of 10–15 min (Schmid et al., 2008). The ready-mix concrete is compacted at the 

construction site, which refers to A5 life cycle stage. 

In addition, A3 life cycle stage of precast concrete includes compacting and heating 

treatment of the concrete. The research project of the Technical University of Cottbus 

(Heyn & Mettke, 2010) describes the electricity demand of two high-frequency internal 

vibrators by considering a power of 1.5 kW and a compacting period of five minutes per 

cubic meter with a utilization rate of 100 %; the electricity demand is 0.25 kWh/m3. The 

modeling of the heat treatment is based on the expert’s interviews. Therefore, an amount 

of 3 L/m3 of fuel oil is required. Table 3.3 shows the need for electricity, fuel oil and 

diesel for the A3 life cycle of the production of 1 m3 concrete. 

Table 3.3 Inventories of the required energy regarding A3 life cycle stage of the production 
of 1 m3 concrete. 

Energy Carrier UHPC CC 
Ready-mix Precast Ready-mix Precast 
M3Q M2Q C35/45 C50/60 

Mixing and plant operation 
Electricity (kWh/m3) 7.09 4.43 
Fuel oil (L/m3) 0.26 
Diesel 0.09 
Compacting of precast concrete 
Electricity (kWh/m3) - 0.90 - 0.90 
Heat treatment of precast concrete 
Fuel oil (L/m3) - 3.00 - - 

Life Cycle Stages A4–A5 

LCI of the A4 life cycle stage of CC and UHPC are the same. The ready-mix concrete is 

transported by a truck mixer from the concrete plant to the construction site. The GaBi 

database does not contain such a process. Therefore, the transport of the ready-mix 

concrete is modeled by using a conventional truck and adding an additional diesel input 

regarding the higher fuel consumption of a truck mixer. The average fuel consumption 

of a truck mixer is 0.48 L/km (Quack & Liu, 2010). The truck has a fuel consumption of 

0.35 L/km (thinkstep, 2019). Consequently, additional input of 0.13 L/km is added. Data 

of the average transport distance is based on the annual report in 2017 of the German 

Federation of the ready-mixed concrete (2017), which is 16.3 km as the average transport 

distance for ready-mix concrete. 
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The transport of the precast concrete is modeled by using a truck with a total weight 

of 34–40 t and a capacity of 27 t with fuel consumption of 0.46 L/km (thinkstep, 2019). 

EPD of structural concrete (Becke et al., 2014) defined an average distance of 180 km 

for the transporting of the precast concrete. The utilization rate of the trucks capacity was 

assumed to be 100 % on the way to the construction site and 0 % on the return which 

leads to an average rate of 50 %. Life cycle stage, A5, includes installation at the 

construction site. Concrete truck pump and compactors are using for the installation of 

ready-mix concrete. The technical data are specified according to the research project of 

the Technical University of Cottbus (Heyn & Mettke, 2010). Power of concrete truck 

pump is 231 kW and an output capacity of 164 m3/h, with a utilization rate of 50 %. This 

is equivalent to an operating period of 0.012 h/m3. Precast concrete is either installed by 

using a revolving tower crane or by using a mobile crane. In terms of the considered case 

study , a mobile crane is selected with a maximum payload of 80 t and a power of 320 

kW. 

Life Cycle Stages C1–C3 

C1 life cycle stage of UHPC and CC refers to the deconstruction measures. They differ 

from each other in the type, the capacity, and the fuel consumption of excavator. CC 

could be demolished using an excavator with a total weight of 30 t and fuel consumption 

of 18 L/h (Heyn & Mettke, 2010). The capacity of the machine is assumed to be 30 m3/h 

according to the recommendations from experts. In terms of UHPC, there is no 

documented practical experience concerning the demolishing process (Michael Schmidt 

et al., 2014). A more powerful machine and a longer deconstruction period are 

recommended by the experts; therefore, the diesel input is determined of an excavator 

with a total weight of 50 t, fuel consumption of 35 L/h and a capacity of 5 m3/h. 

Transport to the recycling plant represents C2 life cycle stage. In Germany, the 

construction waste is usually transported by trucks with a total weight of 40 t (Toppel, 

2003). The distance to the recycling plant is 30 km Heyn & Mettke (2010). The utilization 

rate of the trucks is assumed to be 50 %. 

Life cycle stage of C3 includes the treatment of the construction waste. The waste of 

CC is going to be pre-crushed with an excavator and transported to the processing plant 

by a wheel loader, related technical specifications are described by Heyn & Mettke 

(2010). In case of UHPC, the same specifications of the wheel loader could be 
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considered. For the pre-crushing using the excavator, the experts recommended that an 

additional utilization rate of 20 % should be considered in comparison with the treatment 

of CC. Related LCI processes are described in the Appendix 3.A. 

3.2.3 Footprint Categories 

Carbon Footprint 

The JRC of the European Commission recommends using characterization factors (CFs) 

of a 100-year time horizon global warming potential (GWP100) for defining the carbon 

footprint (JRC-IES, 2011). The carbon footprint refers to the GHG emission 

accompanied within the life cycle process chain of a product quantified in kg CO2 

equivalents. CFs are documented in the fifth assessment report (AR5) by the IPCC 

(Myhre et al., 2013). The elementary flows are set up to be comparable with GaBi 

construction material database in openLCA software (Sameer & Bringezu, 2019). 

Material Footprint 

Material footprint is defined in terms of RMI and TMR. RMI measures cumulative raw 

materials used within the whole process chain of a product (Ritthoff et al., 2002; VDI, 

2018). Used and unused extractions could be determined by TMR. The unused extraction 

refers to all material that is taken from the environment to enable the extraction of the 

primary raw material (Mostert et al., 2018). 

The TMR thus measures the total amount of abiotic and biotic primary material 

required over the complete life cycle (Bringezu, 2015; Saurat & Ritthoff, 2013). 

Regarding construction materials, RMI and TMR address all materials input from the 

environment during production, transport, use, maintenance, demolishing, and  

recycling (Sameer & Bringezu, 2019). 

CFs of RMI are developed by the Sustainable Resource Futures group in the Center 

for Environmental Systems Research (CESR) at the University of Kassel (Hoppe, 2017; 

Mostert et al., 2018; Murguia, 2015), whereas the background methodology is described 

and applied for the assessment of the resource use of the building’s exterior walls 

(Sameer & Bringezu, 2019). TMR measures the total of the RMI plus unused extractions 

(Saurat & Ritthoff, 2013). Data on unused extractions is documented by WU (2016). 
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Water Footprint 

Water footprint is assessed according to the AWARE method (Boulay et al., 2017), 

which is the current WULCA (Water Use in LCA) consensus LCA method for water 

scarcity in compliance with ISO 14046 (2014). Considering hydrological water 

availability, human water consumption and needs of aquatic freshwater ecosystem, 

impacts of water use are expressed in terms of the indicator available water remaining 

per water shed and country. 

AWARE aims at identifying the risk of freshwater depletion for any other water user 

in the same area. The resulting indicator Availability-Minus-Demand with the unit m3/m2 

* month of any basin is related to the world average to calculate regionalized CFs, which 

are available online http://www.wulca-waterlca.org/aware.html. 

The CFs represent “a relative value of the impact score of water consumption” 

(Boulay et al., 2017 p. 374) in comparison with the world average consumed in a basin. 

CFs are ranged from 0.1 to 100 m3 world eq/m3. For instance, the German CF of 1.36 

indicates that in Germany 1.36 times less water is remaining in a specific period than in 

the world average, whereas the world average CF is equal to 42.95. Regions with less 

than one percent of the world average available water remaining are automatically set to 

the maximum value of 100, thus being marked as extreme arid areas. 

Water consumption in different regions is comparable due to considering the units 

m2 * month equivalent in every basin: Consuming water in two regions with the same 

available water remaining per m2 * month is therefore assumed to be equal. Concerning 

the LCA calculations related to Section 3 of this article, both products are produced in 

Germany, therefore water consumption is weighted using German AWARE CFs. For the 

purpose of transferring the methodology to processes not located in Germany, the CFs 

must be adapted accordingly. 

3.2.4 Case Study Description 

Two design options of an overpass road bridge in Germany (Obertiefenbach Bridge) are 

tested (Brühwiler et al., 2007; M Schmidt et al., 2007). The first design option implied 

the exclusive use of CC (CC-Design) and the second one is a combination of CC and 

UHPC (UHPC-Design). The bridge should provide a shorter time of construction and 

high performance in terms of durability, resistance to the mechanical loads, and stiffness. 

Therefore, UHPC is suggested to enhance the design of the bridge. UHPC was proposed 

to substitute use of the CC in the top layer of the deck slab, hinge over the middle piers, 

http://www.wulca-waterlca.org/aware.html
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and the kerb. All the other elements of the bridge, e.g., main girders, abutments, and 

middle piers are designed to be built using CC. Construction materials are shown in Table 

3.4. For more information regarding drawings and material specifications. 

Table 3.4 Construction materials of the two design options of the bridge. 

Bridge Structure Element UHPC Design Quantity CC-Design Quantity 
Abutments and middle 
support with 5 single 
piers 

C35/45 25.00 m3 C35/45 40.00 m3 
Reinforcing steel 6.50 t Reinforcing 

steel 
27.00 t 

Support over the 5 middle 
single piers 

Concrete hinges with 
UHPC cast on site 
(M2Q) 

1.10 m3 - - 

Main girders 
(longitudinal) 

Precast concrete C50/60 180.00 m3 Precast 
concrete 
C50/60 

142.00 
m3 

Reinforcing and 
Prestressing steel 

54.80 t Reinforcing 
and 
Prestressing 
steel 

33.00 t 

Polyurethane putty 0.12 t C35/45 119.00 
m3 

M3Q 7.00 m3 - - 
Sealing M3Q 20.50 m3 Epoxy resin 0.56 t 

- - Quartz sand 0.84 t 
- - Bitumen 

sheets 
3.09 t 

Road surface Poured asphalt 1.73 t Poured 
asphalt 

56.45 t 

Stone mastic asphalt 
(SMA) 

28.80 t - - 

Jointing material 0.09 t Jointing 
material 

0.16 t 

High-grade chippings 
(0/5) 

0.90 t Aggregates 
(2/5), (5/8) 

1.95 t 

Kerb elements Epoxy resin 1.24 t - - 
M2Q 33.00 m3 Ready-mix 

concrete 
C25/30 

59.00 m3 

 

However, the design of the bridge is wholly described by Brühwiler et al. (2007). An 

overview of UHPC Design will be shortly discussed. The bridge consists of two-span, 

22.5 m and 21.5 m, with main five girders supported by the abutments and one middle 

support. The middle support consists of five single piers to support the five girders 

without a cross girder to provide efficiency in lighting. The main girders are precast, 

prestress, and longitudinally pretension reinforced concrete. When the main girders are 

installed on the abutments from the ends and piers from the middle, in the long direction, 

the space between them in the middle is filled out with UHPC. Then a layer of UHPC (3 
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cm) is cast on the top surface of the deck slab for the connection of the girders and 

waterproofing protection. Kerbs are prefabricated from UHPC, then glued on the top 

surface of the bridge.  

The system boundaries include the whole life cycle from the raw material extraction 

to the end-of-life phase of the bridge within the two design options. LCA calculations 

are done within the GaBi database. Regarding materials, which are not available in the 

GaBi database, i.e., steel fibers, they are modeled within the ecoinvent database. For the 

sealing layer, a standard bituminous sheeting with a polyester fleece bearing is used. 

Below the kerb elements, a glass fleece bituminous sheeting is applied.  

In terms of the module A4, for the transportation modeling, van, truck, and road train 

are used for the transportation modeling. The choices of the transport type depend on the 

amount of transported material. Transportation distances are defined according to Lünser 

(2013). An additional amount of diesel should be added to the transport process of the 

concrete. During the transport of poured asphalt, the boiler needs an additional input of 

diesel and fuel oil. According to the expert interviews, the diesel demand of a boiler is 8 

L/h and the fuel demand is 3.5 L/h. 

A5 represents the installation of precast and ready-mix concrete at the construction site. 

Diesel demand of the construction equipment and the amount of liquefied petroleum gas to 

install the bituminous asphalt sheeting are defined according to the expert’s interviews.  

The lifespan of the bridge, use phase B4, is assumed to be 90 years (Lünser, 2013). 

Maintenance works and lifespan of the structure elements bridge are modeled according 

to Lünser (2013) as 20 years for the lifespan of the road surface and sealing, and 30 years 

for the lifespan of kerb elements and concrete surface. LCA calculations contain all 

expenditures for the removal and renewal (replacement) of construction materials 

including the transport to and from the construction site. A number of the replacements 

are shown in Table 3.5. Road surface and sealing must be renewed four times. Kerb 

elements and concrete surface must be renewed two times. The concrete surface refers 

to the part beneath the sealing layer which is often damaged by deicing salts. It is assumed 

that after 30 years 20 % of the area would need to be renewed. In case of the UHPC 

Design, the sealing layer is not existent. Instead, it has a 3 cm thick UHPC layer which 

prevents a possible deicing attack due to a very high impermeability (Fehling et al., 

2014). The high durability of UHPC facilitates a long lifetime and does not need to be 

renewed after 30 years. Nevertheless, it is assumed that the asphalt overlay would be 
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renewed after 20 years. Furthermore, the UHPC kerb elements would not need to be 

removed after 30 years. The module B4 is divided into B4 (a): renewal of road surface 

and sealing and B4 (b): renewal of kerb elements and concrete surface. 

Table 3.5 Frequency of replacements required for the maintenance work during use phase 
of the bridge. 

Element Renewal 
UHPC-Design [Number] CC-Design [Number] 

Road surface 4 4 
Sealing - 4 
Kerb elements - 2 
Concrete surface - 2 

 

For the deconstruction life cycle stage, C1, crowbar, excavator loader, hydraulic 

hammer, wheel loader, and cutters are assumed to be used. They require diesel 

consumption of 17.6 L/m3 in terms of CC. To consider the higher performance of UHPC, 

the fuel consumption is doubled resulting in 35.2 L/m3 according to the experts’ 

interviews. A milling machine with 2.54 L/m3 diesel demand could be used for the 

deconstruction of the road surface, and the deconstruction of the sealing could be done 

using an excavator with 0.20 L/m2 diesel demand and 0.13 L/m2 liquefied petroleum gas 

demand (Lünser, 2013). The construction waste is sorted by material and transported, C2 

life cycle stage. The transportation is assumed to be done by truck (27 t payload) over a 

distance of 30 km to the recycling plant (Heyn & Mettke, 2010). Life cycle stage of C3 

represents treatment of the construction waste. LCA is modeled for the needed wheel 

loader, excavator, and other processes in relation to waste plant. In terms of CC, the 

processes need a wheel loader and an excavator with 0.60 L/m3 and 0.30 L/m3 diesel 

demand, respectively. Besides, electricity demand of 18.26 MJ/t for other processes 

within a waste treatment plant. Regarding UHPC, however, the same demand of diesel 

for the wheel loader is needed, more diesel demand is required for the excavator, which 

is 0.43 L/m3. 21.21 MJ/t demand of electricity is necessary for the other processes within 

the waste treatment plant. 

3.2.5. Definition of the Functional Unit 

ISO 14040 (1997) defined the functional unit of a product system as a measure of the 

benefit of the functional outputs. However, the environmental footprints of the UHPC in 

comparison with CC should be provided within the functionality of the final products, 

e.g., bridges, because UHPC could strongly reduce mass to load-bearing capacity. LCA 
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results for 1 m3 of UHPC in comparison with CC will be firstly discussed. In order to 

enhance future studies with other applications. The results related to a practical 

application of UHPC will be shown. When analyzing and comparing the life cycle of 

bridges, a functional unit should represent an equal practical value. LCA results are done 

for the two design variants of the bridge. The practical value (functional unit) is defined 

as the whole bridge because the two design options are connecting two identical places, 

assigned to the same bridge class, and having the same load capacity and length. 

3.3 Results and Discussion 
3.3.1 Construction Materials Level 

Carbon Footprint at Construction Materials Level 

LCA results of the carbon footprint of 1 m3 of UHPC in comparison with 1 m3 of CC are 

shown in Figure 3.2. The results show a higher quantity of GHG of UHPC. A1–A3 life 

cycle stages contribute to more than 90 % of the carbon footprint of all the considered 

mixtures of concrete. Therefore, the share contributions of the materials within A1–A3 

are additionally discussed. Regarding UHPC, GHG emissions of the production of the 

steel fibers are contributing to more than 40 % of the carbon footprint of M3Q and M2Q. 

Cement production is responsible for more than 80 % of the GHG emissions of the 

considered mixtures of CC, C35/C45 and C50/60.  

 
Figure 3.2 (a) Carbon Footprint of Ultra-High-Performance Concrete (M3Q and M2Q) in 

comparison with conventional concrete (C35/45 and C50/60) per m3; (b) Share of materials of 
the carbon footprint for the A1–A3 life cycle stages. 
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Material Footprint at Construction Materials Level 

LCA results of the material footprint (measured in RMI and TMR) are shown in Figure 

3.3. The material footprint of UHPC is much higher than that one of the CC. Figure 3.3. 

reveals that there has been an increase in the values of TMR of UHPC mixtures, i.e., 

M3Q and M2Q, owing to high value of unused per used extractions of the production of 

the steel fibers. In terms of life cycle stages A1–A3 of the CC (C35/45 and C50/60), 

material footprint is mainly dominated by more than 65 % from the production process 

of aggregate and by more than 30 % from the production process of cement.  

 
Figure 3.3 (a) Material Footprint of Ultra-High-Performance Concrete (M3Q and M2Q) in 

comparison with CC (C35/45 and C50/60) per m3; (b) Share of materials of the Raw Material 
Input (RMI) for the A1–A3 life cycle stages; (c) Share of materials of the Total Material 

Requirement (TMR) for the A1–A3 life cycle stages. 

Water Footprint at Construction Materials Level 

Figure 3.4 shows that the water footprint is three times increased when UHPC is used. 

The largest volume of water is consumed by the M2Q mixture of concrete. A1–A3 life 

cycle stages are majorly responsible for the water footprint in comparison with other life 

cycle stages. The production process of cement dominates the water footprint. Due to the 

higher cement content in the ultra-high-strength concretes, its water footprint is 

correspondingly high. 
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Figure 3.4 (a) Water footprint of Ultra-High-Performance Concrete (M3Q and M2Q) in 

comparison with conventional concrete (C35/45 and C50/60) per m3; (b) Share of materials of 
the water footprint for the A1–A3 life cycle stages. 

3.3.2 Sensitivity Analysis at the Construction Materials Level 

The evaluation of the considered footprints shows that the UHPC (M2Q) has the highest 

environmental impact. The analysis results of UHPC ready-mix concrete (M3Q) show 

slightly lower environmental impacts but they are still higher than CC results. About CC, 

the concrete of compressive strength class C50/60 has more environmental impact. 

Furthermore, as a commonality of the three footprints can be seen that the highest 

environmental impact occurs in the production stage A1–A3. These contributed to more 

than 95 % to the material footprint and 90 % to the carbon and water footprint. Dominant 

processes of the carbon and water footprint are the production of cement and steel fibers, 

as well as the aggregates of the material footprint. The micro steel fibers have been also 

identified for the largest unused per used extractions. 

The sensitivity analysis will examine how the footprints are sensitive to changing the 

two dominants variants as follows: 

• Type of cement.  

• Production process of micro steel fibers. 

Type of Cement 

The CEM I 52.5 R-HS/NA is used as the type of cement for the UHPC (Michael Schmidt 

et al., 2014). This is a fast hardening Portland cement with a high sulfate resistance (HS) 

and a low alkali content (NA). The Portland cement CEM I has high clinker content of 
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95–100 % according to EN 197-1. High clinker content of the cement increases the 

accompanied GHG emissions, whereas, cement types CEM II–CEM V have a lower 

clinker content. The UHPC practice applications listed in the literature have been mostly 

performed with C3A lean Portland cement. However, in the Netherlands, a bridge of 

UHPC was built with a CEM III 52.5 (Ngo, 2016). According to EN 197-1, the type of 

cement CEM III/A has a clinker content of 35–64 %. The sensitivity analysis will include 

using of cement type CEM III/A as a binder for all mixtures of concrete as shown in 

Table 3.6. 

Table 3.6 Types of cement of the considered mixtures of concrete in terms of the sensitivity 
analysis 

Type of Concrete Quantity 
(kg/m3) 

Ex-ante Type of 
Cement 

Replaced 
by 

Ready-mix 
concrete 

UHPC M3Q 775 CEM I 52.5 CEM III/A 
C35/45 356 CEM II/A 

Precast concrete UHPC M2Q 832 CEM I 52.5 
C50/60 405 CEM II/A 

Production Process of Steel Fibers 

The main part of steel production for instance in Germany takes place in the blast furnace 

route (Blesl & Alois, 2013). Pig iron is made in the blast furnace route using coke; 

consequently, the iron is then converted to steel in the basic oxygen furnace. 20–30 % of 

scrap is used within blast furnace route, whereas more than 42 % of scrap is used within 

the production of steel in an electric arc furnace with less energy use. Therefore, the 

sensitivity to the environmental impacts of changing the type of the production of the 

steel fibers of UHPC will be examined. 

Results of the Sensitivity Analysis 

Sensitivity of the footprints to the changing type of cement for all mixtures of UHPC and 

CC and type of production process of steel fibers for UHPC mixture will be shown in 

this section. Figure 3.5 shows that 42 % of the carbon footprint of the UHPC mixtures is 

decreased. Potential saving of more than 30 % of the carbon footprint of CC is 

accordingly presented. 
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Figure 3.5 (a) Carbon Footprint of the Ultra-High-Performance Concrete (M3Q and M2Q) 

in comparison with conventional concrete (C35/45 and C50/60) regarding sensitivity analysis 
per m3; (b) Potential savings of carbon footprint in kg CO2 eq. regarding sensitivity analysis. 

Concerning material footprint, the sensitivity analysis indicates that a potential 

saving of 62 % could be done within the UHPC mixtures as shown in Figure 3.6. This is 

mainly a sequence of using a high amount of secondary materials. TMR of CC is 

decreased by up to 17 %. 

 
 Figure 3.6 (a) Material Footprint in terms of TMR of the Ultra-High-Performance 

Concrete (M3Q and M2Q) in comparison with conventional concrete (C35/45 and C50/60) 
regarding sensitivity analysis; (b) Potential savings of TMR in ton regarding sensitivity 

analysis; (c) Material Footprint in terms of RMI of the Ultra-High-Performance Concrete (M3Q 
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and M2Q) in comparison with conventional concrete (C35/45 and C50/60) regarding sensitivity 
analysis; (d) Potential savings of RMI in ton regarding sensitivity analysis. 

Figure 3.7 shows that the water footprint could be slightly affected in comparison to 

other considered footprints. Using CEM III 52.5 as the type of cement for all mixtures of 

concrete and an electric arc furnace for steel fibers production could provide up to 17 % 

less water footprint of UHPC mixtures and approximately 3 % less water footprint of CC 

mixtures. 

 
Figure 3.7(a) Water Footprint of the Ultra-High-Performance Concrete (M3Q and M2Q) in 

comparison with conventional concrete (C35/45 and C50/60) regarding sensitivity analysis; (b) 
Potential savings of water footprint regarding sensitivity analysis 

3.3.3 Case Study Level 

Carbon Footprint at Case Study Level 

The carbon footprint of the bridge with CC (CC-Design) could be decreased by about 40 

t CO2 eq. when the UHPC is considered to enhance the design of the bridge (UHPC 

Design) as shown in Figure 3.8. In terms of CC-Design, 63 % of the carbon footprint 

comes from A1–A3 life cycle stages, whereas those stages contribute to 92 % of the 

carbon footprint of the bridge when the UHPC is used. Analysis of A1–A3 stages shows 

that production processes of CC and steel mainly contribute to the carbon footprint of the 

CC-Design. On the other hand, production processes of UHPC, CC, and steel dominate 

GHG emissions of the bridge when UHPC is used altogether with CC (UHPC-Design). 
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Figure 3.8 (a) Carbon footprint of the two designs of the bridge, Conventional Concrete 

Design (CC-Design) and Conventional Concrete enhanced with Ultra-High-Performance 
Concrete (UHPC- Design); (b) Share of materials of the carbon footprint for the A1–A3 life 

cycle stages. 

Material Footprint at Case Study Level 

Figure 3.9 shows that a smaller material footprint could be seen when the UHPC-Design 

is considered with a potential saving of more than 8 t of the cumulative raw material used 

(RMI) and more than 6.5 t in terms of TMR. CC and steel production processes contribute 

to 80 % and 13 % respectively to the material footprint of CC-Design. In terms of UHPC-

Design, CC has also the highest impact on the material footprint with 47 %, then comes 

the UHPC with 38 %. 

Water Footprint at Case Study Level 

Water footprint could be reduced by more than 30 % when the UHPC-Design is 

considered, as shown in Figure 3.10. Regarding the two design options of the bridge, 

production process of the steel is mainly responsible for the water footprint of 64 % for 

the CC-Design and 59 % for the UHPC-Design. 
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Figure 3.10 (a) W
ater footprint of the tw

o designs of the bridge, Conventional C
oncrete D

esign (C
C

-D
esign) and 

C
onventional C

oncrete enhanced w
ith U

ltra-H
igh-Perform

ance C
oncrete (U

H
PC

- D
esign); (b) Share of m

aterials of the 
w

ater footprint for the A
1–A

3 life cycle stages 



CHAPTER THREE                                                        Resource and Climate Footprints 

58 
 

3.3.4 Summary of Analyses at Material and Case Study Level  

In order to assess the impact of using UHPC, comparisons on material level are not 

sufficient. Hence, the functional unit should be considered at the case study level. 

Therefore, the environmental footprints of the UHPC is tested in comparison with CC on 

a practical application (design of an overpass road bridge). In contrast to the results for 

the environmental footprint of 1 m3 of concrete mixtures, the analysis results of the bridge 

design show that the design enhanced with UHPC (UHPC-Design) could provide better 

environmental performance in terms of carbon, material, and water footprint. Results 

show that the environmental footprint is dominated by the A1–A3 life cycle stage. 

Therefore, those stages are analyzed more closely. 

3.4 Conclusions 

This article provides a comprehensive LCA of carbon, material, and water footprints of 

UHPC in comparison with CC using precast and ready-mix concrete. The GaBi 

construction materials database is used altogether with openLCA software, which 

enhances significantly quantifying environmental footprints of constructions. Results are 

analyzed at the construction material level to enhance sustainability aspects within design 

of constructions. Higher environmental impact of UHPC is shown when only the 

quantitative aspects are considered for the formulation of the functional unit. At the case 

study level, results are analyzed to test the footprints of UHPC in relation to the 

functionality provided. Better environmental performance of UHPC could be indicated 

within the assessment of a practical application such as a bridge. Cumulative raw material 

demand in terms of RMI and total primary material extraction in terms of TMR, in 

addition to water use of UHPC, are provided for the first time by this article. UHPC 

shows relative lower footprint values when the use phase is considered. However, higher 

environmental impacts are shown within the end-of-life phase according to the high 

compressive strength. Policies and standards related to UHPC use need to be developed 

according to the current increase in the usage of new concrete technologies. Because of 

the relative high cost of UHPC, an economic analysis, e.g., life cycle costing of UHPC 

in comparison with CC, could be a crucial issue to be considered for future studies. 
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4. CHAPTER FOUR 

 

Intermediate Results: Product Resource and Climate Footprint Analysis 

During Architectural Design in Building Information Modelling (BIM) 

Abstract 

Significant global economic growth in the building sector is recently being noticed 

according to cities developments. Buildings and construction materials dominate the 

increasing demand for natural resources, greenhouse gas emissions, and landfill space. 

This article assesses the application of the product footprints for material, energy, and 

water as well as the product climate footprint for different design alternatives of building 

elements. The alternatives include different designs of foundations, exterior walls, and 

ceilings using recycled aggregates for concrete production. The resource and climate 

footprints of the building elements and construction materials are calculated for the 

cradle-to-gate within the life cycle assessment (LCA) boundaries. The material footprint 

is determined by the indicators Raw Material Input (RMI) and Total Material 

Requirement (TMR), and the energy footprint by the Cumulated Energy Demand (CED). 

The water footprint is defined using the Available Water Remaining (AWARE) method. 

The climate footprint is quantified by the indicator Global Warming Impact (GWI) using 

Global Warming Potential (GWP) values from the Fifth Assessment Report of the IPCC. 

The LCA calculation is combined into a building information modelling (BIM) tool to 

make changes in footprint results visible to planners, architects, and civil engineers. 

Results show that material footprint could be significantly decreased when the recycled 

aggregates are considered to produce waterproof concrete of foundation and underground 

exterior walls.  

4.1 Introduction 

Reaching the Sustainability Development Goals (SDGs) will significantly depend on the 

construction and real estate activities (Goubran, 2019). Building industry has also an 

important economic potential to reduce global greenhouse gas (GHG) emissions by 2050 

(Pablo La Roche, 2017). Most of the GHG emissions from buildings are due to energy 

consumption, which is either from building usage or construction (PM La Roche, 2017). 

Material and water resources are significantly consumed by the construction of buildings 

(Österbring et al., n.d.; H. Sameer et al., 2019). Therefore, use of recycled materials and 
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new technologies and innovative designs are increasingly considered for the sustainable 

built environment (Fraj & Idir, 2017; Tošić et al., 2015; Wetzel et al., 2016). 

Furthermore, future buildings and infrastructure projects could mitigate climate change 

e.g. by using innovative construction materials, new technologies, or new systems that 

could contribute to climate footprint mitigation (Churkina et al., 2020; H. Sameer et al., 

2019). At an early design stage of buildings, enhancing building designers with 

environmental information about different solutions is an important key to reduce 

environmental pressure of buildings (Attia, 2018; Röck et al., 2018). Life cycle 

assessment (LCA) is defined as an adequate approach for quantifying environmental 

impact of buildings (Khasreen et al., 2009). 

Research on the LCA of buildings has been restricted to limited impact assessment 

methods, which are mainly related to output impacts (Pittau et al., 2018). Resource 

categories such as material, energy, and water are less discussed (H. Sameer & Bringezu, 

2019). This article assesses different design scenarios of building elements within cradle-

to-gate LCA boundaries using the product material, energy, water, and climate footprint. 

The main objective is to provide an approach for building designers to enhance their 

decisions related to material and design specifications during the design stage of 

buildings. Supporting design teams with information about the environmental impact of 

construction materials could promote building’s design also from low energy building to 

positive environmental impact building (Attia, 2016). This approach is mainly studied to 

contribute towards achieving SDG 9, 11, and 12.  

4.2 Materials and Methods 

4.2.1 System description 

Two design options are considered for three selected building elements of a case study. 

The analyzed building is the town hall of Korbach (Germany), which has been 

demolished and planned to be built in a sustainable environment way.  LCA is done 

according to ISO 14040 and ISO 14044 (ISO 14040, 1997; ISO 14044, 2017). The 

analyzed building elements include foundation, under-ground exterior wall, and 

floor/ceiling. However, those elements are not representing the whole structure of the 

building, the same methodology could be considered for the remaining building 

elements. For each element, two design alternatives are proposed by the architect and 

compared regarding the use of material, energy, and water as well as GHG emissions 

within LCA boundaries cradle-to-gate as described in EN 15978. 
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A functional unit (FU) is defined as the value of the functionality of a product or a 

service (ISO 14040, 1997). Therefore, one square meter of the building element is 

considered as the FU. Both design alternatives provide identical services in terms of 

structural technical requirements, thermal transmittance (U-value) and water-resistance. 

openLCA software (GreenDelta, 2020b) is used with ‘GaBi  Professional database’ and 

the ‘GaBi Extension database XIV: Construction materials’, released 2019 (service pack 

38) (thinkstep, n.d., 2019) for the life cycle inventory (LCI) modelling.  

Additionally, a Building Information Modelling (BIM) concept is used to integrate 

the footprint results of the LCA into the building design model. The results are integrated 

into Revit software as new parameters under the properties window of building elements 

by their relevant indicators. Revit software is a multidisciplinary BIM software from 

Autodesk (www.autodesk.com). This approach will provide the environmental 

performance of each design alternative to the planners within the same modelling tool. 

Usually, building elements i.e. BIM objects are represented only by the model and its 

technical information. The same methodology could be used to enhance BIM objects to 

display their environmental information. 

4.2.2 Product Resource and Climate Footprints   

The two indicators Raw Material Input (RMI) and Total Material Requirement (TMR) 

are considered for defining the product material footprint (Mostert & Bringezu, 2019a; 

H. Sameer & Bringezu, 2019). RMI calculates the cumulative used raw materials and 

TMR accounts for all primary materials extracted from nature, including both used and 

unused materials.  DIN EN 15643-2 (DIN EN 15643-2, 2011) declared that material 

resource use (here defined as product material footprint) should be addressed by 

indication of primary raw materials taken from the environment. This issue is addressed 

by RMI. The RMI is already part of the official reporting to assess the material footprint 

of the German economy (BMUB (German Federal Ministry for the Environment Nature 

Conservation Building and Nuclear Safety), 2016a). The German Association of 

Engineers (VDI) describes the Cumulated Raw Material Demand – which may be 

regarded as a variant of RMI - in the VDI guideline 4800 part 1 and part 2 (VDI 

(Association of German Engineers), 2016b, 2018).   

The Cumulative Energy Demand (CED) (Mark A. J. Huijbregts et al., 2010) is used 

for determining the product energy footprint, which refers to the life cycle wide primary 

energy consumption from non-renewable resources. The AWARE (Available Water 

http://www.autodesk.com/
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Remaining) method (Boulay et al., 2018) is used to quantify the product water footprint. 

AWARE addresses the potential vulnerability of a catchment area to water stress. It is 

used to determine the amount of water remaining in a catchment area or in a country less 

than the water requirements of humans, animals, and plants. Product climate footprint is 

assessed by the Global Warming Impact (GWI) according to the values of Global 

Warming Potential with a time horizon of 100 years (GWP100) published by the 

International Panel of Climate Change (IPCC) (Myhre et al., 2013). 

4.2.3 Description of the building elements 

Material and technical details of the building elements alternatives are shown in Table 

4.1. For the design alternatives, the use of recycled aggregates from the old building is 

considered for concrete production (RC-concrete). Percentage of recycled aggregates to 

all aggregates in the RC-concrete is 35 % for each of the foundations and exterior walls 

and 45 % for ceilings. This percentage is depending on the area of application and the 

exposure class of the building element, besides according to the type of recycled 

aggregates corresponding to DIN 4226-101(DIN 4226-101, 2017). LCA of the 

production of recycled aggregates is studied from the end-of-life (EoL) phase, 

demolishing of the old building, transport of the concrete rubbles to the recycling plant 

and treatment of the concrete rubbles in a mobile recycling plant, to the production phase 

(A1-A3) of concrete. Different types of cement are considered for concrete production 

to testify the consequent environmental performance. Waterproofing characteristics of 

RC-concrete is additionally considered as an alternative for conventional concrete 

(C25/30) for the foundation and underground exterior walls. Requirements of waterproof 

concrete are described in DIN 1045-2 and DIN 206-1 (DIN 1045-2, 2008; DIN EN 206, 

2017) with a maximum 0.55 water-cement ratio.   

 

 Table 4.1 Details of materials for the two design alternatives of the building elements
  

Material Thickness 
[mm] 

Quantity 
[kg/m²] 

Foundation Exterior 
wall 

Floor/ 
Ceiling 

F1 F2 E1 E2 C1 C2 
Bitumen sheets (2 layers) 10.0 10.4 *  *    
Carpet tiles 6.0 4.2      * 
Cement screed 60.0 90.0 * *     
Cement screed 77.0 115.5     * * 
Chipboard - 0.2      * 
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Concrete C12/15 50.0 121.0 *      
Concrete C25/30 a 250.0 581.0 *  *    
Concrete C25/30 a 280.0 663.0     *  
Dimpled polyethylene sheet 9.0 1.2 *      
Expanded glass 630.0 81.9 *      
Expanded glass 650.0 84.9  *  *   
Expanded polystyrene 80.0 2.1 *    *  
Expanded polystyrene 160.0 5.1   *    
Extruded polystyrene 10.0 3.5 *      
Linoleum 3.0 3.0 *    *  
Mineral wool 50.0 0.6     * * 
Polyethylene - 0.2 * * *  *  
Reinforcing rebar steel b - - * * * * * * 
Rubbles 16/32 mm 150.0 223.0 *      
RC-concrete C25/30 with 
CEM III 42.5   

250.0 558  *  *   

RC-concrete C25/30 with 
CEM II 42.5   

280.0 626      * 

Wood fiberboard 80.0 20.0      * 
Notes: a concrete mixture is set according to Becke et al. (Becke et al., 2014) 
b Quantities are defined according to the structural design, which are 40 kg for F1, 55 kg for F2, 
33.1 kg for each of E1 and E2, and 41.9 kg for each of C1 and C2. 

4.3 Results and Discussion 

The results for the product material footprint measured in RMI and TMR are shown in 
Figure 4.1.  

RMI and TMR are decreased by up to 35 % for the second design alternative of 
foundation. This is mainly because of using recycled aggregates to produce RC-concrete 
with waterproofing characteristics. The use of crushed rock (16-32 mm) for filling under 
foundation increases RMI and TMR, which could be replaced with recycled aggregates 
with filling properties from the old building.  

However, the material footprint is highly reduced mainly according to use of RC-

concrete, other considered footprints are not significantly influenced (Figure 4.2). This 

is because e.g. that the product climate footprint of concrete is mainly influenced by 

cement production. The manufacturing of steel rebar is dominating the product energy, 

water, and climate footprints. Other possible reinforcing options of concrete such as steel 

fibers could provide a better environmental performance (Husam Sameer et al., 2019). 

Trade-off between different footprint categories is shown for the design alternatives, 

which could be further enhanced with normalization (Hoppe et al., 2017) for optimizing 

the best architectural design in terms of product resource and climate footprints.    

 

https://www.alibaba.com/showroom/dimpled-polyethylene-sheet.html
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In Figure 4.3, the exterior wall alternative (E1) is shown in the BIM software Revit. 

The results could be considered by the building planners to improve the environmental 

performance of the building design. The approach could be followed by the 

manufacturers of construction materials, who are presenting their products as BIM 

objects (BIMobject®, n.d.). This could give the building planner and architect an initial 

image about the environmental performance during the design stage of the building. 

However, an additional tool is needed for the interoperability requirements of changings 

the building design, to provide a real-time footprint analysis of different building design 

alternatives (Röck et al., 2018). 

 
Figure 4.3 Building Information Modelling (BMI) software Revit showing the product 

resource and climate footprints per 1 m² of the exterior wall (Note: RMI: Raw Material Input, 
TMR: Total Material Requirement, CED: Cumulative Energy Demand, GWI: Global Warming 

Impact) 

4.4 Conclusion 

The article provides the product resource and climate footprints results of different design 

alternatives for building elements based on cradle-to-gate LCA. The calculation is 

combined with a BIM tool to allow the optimization of the environmental performance 

in the design phase of buildings. The approach shows a possible linkage between 

buildings and footprint data practitioners. It allows presenting footprint data of building 

components together with the technical details of construction assemblies. There is 

abundant room for further progress in determining the resource and climate footprints in 

the use phase of buildings, and in improving the footprint analysis using BIM software 

solutions. 
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5. CHAPTER FIVE 

 

Building Information Modelling Application of Material, Water, and 

Climate Footprint Analysis 

Abstract  

Buildings are considered major drivers of resource use and climate change. This has 

initiated the development of design tools that could better reflect the environmental 

performance of buildings. This article describes the extension of building information 

modelling (BIM) through the development of the sustainable resource application 

(SURAP) that can be used to determine the material, water, and climate footprints of 

buildings at the design stage. The Python application programming interface (API) of 

openLCA software was used with the GaBi construction materials database for the 

preparation of footprint data. Footprints of construction materials were determined 

through life cycle assessments (LCA) on a cradle-to-gate basis, and the application was 

developed as a new tab in the Autodesk Revit software. The Revit API was used for data 

exchange between the Revit core system and the developed plug-in. The application 

prototype was tested for the design of a multifamily building. The results show that the 

developed tool can support building designers in quantifying and visualizing cradle-to-

gate material, water, and the climate footprints of buildings within the BIM environment. 

The promotion of sustainability in the building industry and its current limitations are 

discussed. 

Keywords: Resource efficiency; Sustainability; Life Cycle Assessment (LCA); 

Architectural design; Material footprint 

5.1 Introduction 

The global material footprint will double by 2060 if the ‘business as usual’ approach 

is maintained, especially in relation to building construction (OECD, 2018). The 

Sustainability Development Goals (SDGs) require major progress towards mitigating the 

climate footprints of buildings (Savaresi, 2016) and the efficient use of resources (Omer 

& Noguchi, 2020). Water use related to the production of construction materials is being 

continually investigated within the building sector (Mannan & Al-Ghamdi, 2020).  
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Moreover, the cradle-to-gate environmental impacts of construction materials have 

received critical attention, even for passive houses and zero-energy buildings (Kylili et 

al., 2017; Thiel et al., 2013).  

Many policies and standards have been established to regulate the quantification of 

the environmental impacts of buildings. EN 15804 (EN 15804, 2012) is the formal 

European standard for establishing the Environmental Product Declarations (EPDs) of 

building products, while the environmental impact of the whole building can be assessed 

according to EN 15978 (EN 15978, 2012). Life Cycle Assessment (LCA), according to 

ISO 14040 and ISO 14044 (Finkbeiner et al., 2006), is a worldwide approach to 

addressing the environmental impacts of different products (Hauschild et al., 2018). It is 

frequently used to define the environmental impact of constructional materials (Hester et 

al., 2018; Ströbele & Lützkendorf, 2019) and a building’s performance in terms of 

greenhouse gas (GHG) emissions, energy consumption, landfill waste, and water waste 

(Meex et al., 2018).  

Conventional LCA tools, such as openLCA (GreenDelta, 2020b) and Simapro (Pre-

sustainability, 2020), are often used by experts to conduct the LCA of buildings and are 

based on the information contained within the Bill of Quantities. LCA data catalogues 

have been established in many countries, such as ÖKOBAUDAT in Germany (BMUB, 

2017); it provides open-source environmental impact information for different building 

materials and systems, and is linked with an online LCA tool, called eLCA, for 

quantifying the specific environmental impact of buildings.  

The Bill of Quantities (BoQ) can be used to extract and summarize building 

information, such as the quantities of construction materials to be multiplied by the 

environmental impact factors and added in order to evaluate the environmental 

performance of the whole building (Cavalliere et al., 2019). However, this approach is 

not sufficient when assessing an entire building (Hollberg & Ruth, 2016). This is due to 

the complicated and time-consuming process of transferring and synchronizing building 

data from a building design tool into an LCA tool (Zabalza Bribián et al., 2009). 

Researchers have shown an increased interest in combining environmental performance 

assessment with building design tools through building information modelling (BIM) 

(Jalaei & Jrade, 2015). 
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Trends and gaps of building footprint analysis in BIM 

BIM has been widely used for information management and communication in 

architecture, engineering, and construction (AEC) (Sacks et al., 2018). It was defined as 

a ‘way of working, where the spatial building element framework is being set up within 

a digital building information model and a building or structure's spaces, AEC elements 

and technical assets are specified by their distinctive properties and their reciprocal 

relationships’ [(DIN SPEC 91400, 2017), p. 6]. It is considered an effective working 

environment for improving building performance by assessing various alternative 

materials and construction methods (Habibi, 2017; Park & Lee, 2017). BIM provides the 

ability to attribute geometrical, non-geometrical, and spatial parameters to building 

elements (Barlish & Sullivan, 2012). It enhances the decision-making process during the 

design phase of buildings (Galiano-Garrigós et al., 2019; Wong & Zhou, 2015) by 

promoting a collaborative platform for facilitating the exchange of data and information 

between parties during the design phase (Röck et al., 2018; Shadram et al., 2016).  

Building design in BIM is categorized according to the detailed information that the 

design contains into different levels of development (LOD): designs with basic 

information are considered LOD100, while highly detailed designs are considered 

LOD400. LOD 100, 200, 300, and 400 were first described by the American Institute of 

Architects (AIA) and then enhanced with LOD350 from the Associated General 

Contractors (AGC) of America to add information to the design (BIMForum A. G. C., 

2015). Industry Foundation Classes (IFC) is a BIM exchange format developed by ISO 

16739-1 (ISO 16739-1, 2018) and is a primary data schema for exchanging information 

among AEC entities (Zhu et al., 2018). 

Several attempts have been made within the boundaries of BIM to integrate 

additional features and indicators into building design tools that address a building’s 

sustainability (Chong et al., 2017). Oti and Tizani (2015) proposed a modelling 

framework that combined three indicators, life cycle cost, ecological footprint, and 

climate footprint, to provide sustainability assessments of alternative design solutions 

based on economic and environmental sustainability. Jalaei & Jrade (2015) integrated 

BIM with the Canadian green building certification system by using a new plugin. 

Material selection was said to be one of the main issues that influence the sustainability 

of buildings within BIM boundaries (Hardin & McCool, 2015). 
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Recent research has focused on defining LCA within BIM boundaries. Five workflow 

strategies were summarized by Wastiels & Decuypere (2019) for conducting LCA 

analyses through BIM. With the first strategy, information on building materials is 

exported from a building model based on BoQ into conventional LCA software. For the 

second strategy, a geometric building model is exported as an IFC file into LCA software, 

where a link can be maintained between BIM and LCA analysis by using a global unique 

identifier to synchronize design changes, with one example of this being the TOTEM 

tool (Totem, 2018). The third strategy involves integrating LCA information into a 

building model as an intermediate step to provide, for instance, a BIM viewer. LCA 

profiles are then added in BIM and sent to LCA practitioners to conduct the LCA 

analysis, such as the eveBIM-viewer with Elodie software (CSTB, 2019). The fourth 

strategy includes enhancing the design process in BIM by a native LCA plugin, which 

can provide an environment for LCA calculations in BIM software without the need for 

additional LCA software, such as Tally (KT Innovations, 2018), One Click LCA 

(Bionova Ltd, 2018), and CAALA (CAALA, 2020). For the fifth strategy, the BIM 

objects, e.g. walls or windows, contain LCA information in addition to their technical 

information. Thus, LCA can be conducted through a plugin within the BIM environment 

or LCA software.  

The requirements of LCA applications within the BIM environment at the design 

phase were described by Meex et al. (2018) and include user requirements, front and 

back end characteristics, and LCA methodology. Hollberg et al. (2020) described a 

method for assessing the global warming impact and non-renewable primary energy of a 

building during 34 intervals of the design phase. The Swiss database was used to prepare 

the LCA data and linked to the material information of the building, while BoQ was 

exported into Autodesk Dynamo to generate the LCA results. The LCA was studied 

during the architectural design of a building using four different tools within the 

ÖKOBAUDAT database (Hollberg et al., 2017). It was concluded that the environmental 

impacts could be managed and mitigated; however, a trade-off was evident within the 

architectural aspects. Röck et al. (2018) defined a methodology for visualizing the 

embodied environmental impact at the early design stage of a building. In this research, 

Autodesk Revit was used as a BIM modelling tool using Autodesk Dynamo to write the 

script for linking Revit with LCA data.  
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Previously developed tools and methods were mostly limited to the output-oriented 

environmental impacts of buildings, such as emissions of greenhouse gases and 

acidifying substances. BIM was rarely used to consider the material footprint in terms of 

raw material input (RMI) and total material requirement (TMR) (Saurat & Ritthoff, 2013; 

Wiesen et al., 2014), nor the water footprint, which is quantified using the AWARE 

method (Boulay et al., 2017).  

In this article, a BIM-based building design application called “Sustainable Resource 

Application (SURAP)” for quantifying the cradle-to-gate material, water, and climate 

footprints is presented. It has the ability to address and visualize footprint results at the 

design stage of the building for construction materials, building elements, as well as the 

entire building. Footprint results are obtained based on the LCA framework, according 

to ISO 14040 and ISO 14044.   

5.2 Materials and methods 
5.2.1 System description  

An additional tab in the Autodesk Revit software was developed to enhance the 

sustainable use of natural resources in combination with reduced GHG emissions of 

buildings. Autodesk Revit is a well-known interdisciplinary BIM software (Habibi, 2017; 

Shadram et al., 2016) developed by Autodesk. The life cycle of a building asset includes 

planning, initial design, engineering, development, documentation and construction, 

operation, maintenance, refurbishment, repair, and end of life (EN 17412, 2019). The 

planning stage includes pre-design, design, and execution (Hollberg et al., 2017). 

Environmental impacts are significantly influenced by the decisions taken at the design 

stage (ibid.), which was classified according to the Royal Institute of British Architects, 

into concept design, developed design, and technical design.  

The developed plugin is a software extension that adds new functionality to the 

existing software, that is, Autodesk Revit, for quantifying the material, water, and climate 

footprints of buildings. The plugin may enhance the planning and design phases during 

the life cycle of a building asset. It provides the cradle-to-gate (A1-A3) footprint analysis 

according to EN 15978. The methodology phases undertaken by the authors for 

developing and testing the application are shown in Figure 5.1.  
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Figure 5.1 M
ethodology phases from

 the developm
ent to the usage of the application 
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The first phase included the development of footprint data, using openLCA v.1.10.2 

(GreenDelta, 2020b) with its Python editor. These were primarily prepared as one 

package, and then categorized into different building assemblies, as described in the 

second phase. Footprint data represent the cradle-to-gate environmental impact per unit 

of every option for the building, such as the climate footprint in kg CO2 equivalents per 

1 kg of brick. Usually, LCA modelling in openLCA is performed for an individual 

process, which is time-consuming if a large amount of footprint data is needed. The 

Python editor in openLCA software was used for developing the footprint data, which 

facilitates future data maintenance with less time and effort. The database used is the 

GaBi Extension database XIV: Construction materials, released in 2019 (service pack 

38) (sphera company, 2020), which is widely used for conducting the LCA of 

construction materials (Sameer et al., 2019). 

The second phase included the organization of footprint data into MS Excel sheet 

format for different building elements and system categories. In accordance with the 

requirements of an LCA application with BIM (Meex et al., 2018), the following building 

elements and services were considered: building systems, ceilings, columns, curtain 

walls panels, doors, exterior walls, floors, interior walls, roofs, stairs, structural 

foundations, and windows. All footprint data are also available under the other category 

if the matched footprint data are not found in the respective dataset of the building 

element or system. 

The third phase consisted of the plugin development. The C# programming language 

was used for the development of the new tab within the Autodesk Revit software under 

the name of SURAP. The Autodesk Revit Application Programming Interface (API) was 

used for data exchange between the Revit core system and the developed plug-in. 

ClosedXML was utilized for processing the footprint data, and the windows presentation 

foundation was employed with extensible application markup language for building the 

graphical user interfaces. 

The fourth phase included conventional building modelling during the design stage 

and the application of the developed plugin, enhancing the footprint analysis. Building 

modelling includes details such as geometrical information, building element materials, 

and technical specifications from the library of materials in Autodesk Revit. 
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5.2.2 Functional Unit 

The functional unit (FU) can be determined as the ultimate beneficial function of a 

product or service (ISO 14040, 1997). Usually, one square meter of the usable floor area 

(UFA) of the whole building is the FU (DIN 277, 2016). In order to relate the footprint 

data to the FU, the starting point is the footprint values per unit of construction elements 

or materials used, such as 1 kg of cementitious plaster or one square meter of the acoustic 

panel. 

5.2.3 Footprint data 

The main LCA steps for achieving the assessment are shown in Figure 5.2.  
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Figure 5.2 Life cycle assessm
ent interactions (after ISO

 14040, 1997) 



CHAPTER FIVE                                                        Resource and Climate Footprints 

76 
 

Open-access software, that is, openLCA v.1.10.2, was used for the life cycle inventory 

(LCI) modelling with GaBi ´Extension database XIV: Construction materials,’ released 

2019 (service pack 38) (sphera company, 2020). Footprint data were calculated for 

material, water, and climate categories for the cradle-to-gate environmental impact of 

each process in the database. For example, 9 kg RMI per 1 m² ceiling acoustic panel, for 

the LCI process: “Acoustic panel, StoSilent Panel Aluminium 15mm – StoVerotec.” The 

Python editor in openLCA software was used for LCA modelling, with the Python script 

as described by GreenDelta (2020a). The use of the Python editor facilitates the 

development of the footprint data for a group of processes in the database in one action, 

which saves time and reduces possible errors in the development and future maintenance 

of the footprint data.  

The material footprint was measured in terms of raw material input (RMI) and total 

material requirement (TMR) indicators (Mostert & Bringezu, 2019b; H. Sameer & 

Bringezu, 2019; Saurat & Ritthoff, 2013; Wiesen et al., 2014). RMI measures the 

cumulative raw materials used, while TMR calculates all the primary materials taken 

from nature, including both the used and unused materials. Quantification of the material 

footprint, according to DIN EN 15643-2 (2011), should address all of the primary raw 

materials taken from the environment. The German Association of Engineers defined in 

the VDI (Verein Deutscher Ingenieure) guideline 4800 part 1 and part 2 (VDI, 2016, 

2018) the cumulated raw material demand, which covers all abiotic and partially the 

biotic constituents of the RMI indicator. The RMI is officially being reported for 

measuring the material footprint of the German economy (BMUB, 2016). RMI and TMR 

are considered as adequate indicators for quantifying the material footprint of buildings 

(Sinivuori & Saari, 2006).  

The water footprint was measured according to AWARE (Boulay et al., 2018), which 

was developed according to the water footprint principles regulated in ISO 14046 (ISO 

14046, 2014). Within the conventional life cycle impact assessment (LCIA) methods, 

there are several parameters with different calculation models that consider water 

consumption, but not its availability in a specific region. The AWARE (Available Water 

Remaining) method was used to determine the amount of water remaining in a catchment 

area or in a country after meeting the water requirements of humans, animals, and plants. 

It thus addresses the potential vulnerability of a catchment area to water stress. The 
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variable AMD (Availability Minus Demand) was used to develop the characterization 

factors pertaining to the water availability minus the human and environmental 

requirements in relation to the reference area. 

The climate footprint refers to the global warming impact (GWI) according to the 

characterization model of the global warming potential of a time horizon of 100 years 

(GWP100). It was recommended by the Joint Research Centre (JRC) of the European 

Commission (European Commission, 2011b). GWP100 values were reported in the fifth 

assessment report released by the International Panel of Climate Change (IPCC) (Myhre 

et al., 2013). 

The term footprint, which is extensively used in this article, refers to those of 

material, water, and climate within the LCA boundaries. The resource footprint refers to 

the material and water footprint.  

5.2.4 Calculation model 

Building modelling software Autodesk Revit includes the geometrical information of a 

building model, such as volumes and areas. The materials library in Autodesk Revit 

contains technical information about building materials and systems, such as the density 

of a material, which can be edited by the building designer. Hence, a new material can 

be added with the possibility of controlling its technical information. An additional tab 

in the Autodesk Revit software (SURAP) was developed to provide interoperability 

between the developed footprint data and information from building modelling. Footprint 

analysis can be performed by the building designer at the building element level, 

according to Equation  5.1, and at the whole building level, according to Equation  5.2. 

The building model refers to the building design in the Revit software. 

FEj = ∑  RPin
i=1 ⋅   FFi           5.1 

FB = ∑  RPin
i=1 ⋅ FFi / UFA    5.2 

Where FEj is the footprint of the building element j, while RP𝑖𝑖 refers to the reference 

property of material 𝑖𝑖 or item 𝑖𝑖. RP𝑖𝑖 can be L𝑖𝑖, A𝑖𝑖, V𝑖𝑖, M𝑖𝑖, or NoI𝑖𝑖. L𝑖𝑖 is the length of 

material 𝑖𝑖, A𝑖𝑖 is the area of material 𝑖𝑖, V𝑖𝑖 is the volume of material 𝑖𝑖, M𝑖𝑖 is the mass of 

material 𝑖𝑖, and NoI𝑖𝑖 is the number of item 𝑖𝑖. 

FF𝑖𝑖 is the footprint factor of material 𝑖𝑖 or item 𝑖𝑖 for one unit of RP𝑖𝑖. Footprint factor 

refers to RMI in kg per unit of the product, TMR in kg per unit of the product, water in 
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m³ of weighted water per unit of the product, and GWI in kg CO2 equivalent per unit of 

the product. FB is the footprint of the whole building, while UFA is the Usable Floor 

Area of the building. 

The technical information of building elements or systems, that is, length, area, 

volume, and number of item(s), is extracted from the building model by the plugin 

(SURAP). Density is obtained from the material library, which is needed to calculate 

mass. The quantity of a material or an item is multiplied by the footprint factor with the 

matched property and then aggregated by the plugin. The plugin measures UFA from the 

building model. The resource and climate footprints of a building are calculated for the 

cradle-to-gate according to EN 15978 (2011).  

5.2.5 Application development and workflow  

Extracting the information of the building model from the building design tool, with 

continuous exchange, is the primary challenge of integrating additional features into the 

BIM environment. The building information can be extracted either by extending the 

design tool with an additional application, e.g. plugin, or by developing an external 

application. The plugin application can directly communicate with the core of the design 

tool, while the external application can exchange building information with the designing 

tool using specific file formats such as green building extensible markup language 

(gbXML) or IFC. gbXML and IFC files contain a script that includes building 

information, such as the classification of building elements and information about 

building materials. They are readable through an external application. Extending a 

building design tool with an application depends on the flexibility provided by the 

developer of the tool for further developments and the documentation available for that 

purpose. 

The Revit API and Software Development Kit (SDK) in Revit Autodesk (Autodesck 

Revit, 2020) were used for the development of SURAP. The Revit API is used to 

automate different repetitive tasks to extend the core functionality of Revit during the 

design of the building asset. The Revit API was programmed with the C# programming 

language to extract building information from the design and to interoperate it with the 

footprint data for analyzing and visualizing resource and climate footprints in the BIM 

environment. Footprint data were primarily developed as MS Excel files and then 

processed using ClosedXML, a .NET library used to manipulate, read, and write MS 
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Excel files. Moreover, the windows presentation foundation was used with the extensible 

application mark-up language to build the graphical user interfaces. 

The extraction of building information (Figure 5.3) includes, but not necessarily in 

this sequence: (1) identifying the area of the building; however, other information could 

also be extracted, such as room volumes and building coordination, (2) defining the class 

of building elements, such as exterior walls or roofs, (3) specifying the compound 

structure of the building elements, e.g. number of layers of materials in a floor, (4) getting 

the information regarding building elements such as length, width, and number of items, 

and (5) identifying materials of the layers and their properties.  

 
Figure 5.3 Quantification of building information from building model in SURAP 

A flowchart of the developed application is shown in Figure 5.4. The application 

workflow is started with the conventional building modelling in Autodesk Revit 

software, which includes modelling the building design and defining the materials of the 

building elements with their geometrical and technical information. Possible footprint 

data that match the building material or system can be selected by the building designer 

in the SURAP tab. The reference property of the selected footprint data, for example, 

length, area, or volume, is checked automatically by SURAP to obtain the required 

information from the building model. The results are automatically calculated for the 

building elements and for the whole building, in addition to the visualization option of 

the footprint results. Re-selection of the footprint data or changing the design of the 

building can be done by the building designer at any stage of the footprint analysis to 

improve the building performance regarding the resource and climate footprint.  

Building materials can be modelled in Revit Autodesk with a minimum thickness of 

0.8 mm. The footprint data of a material that normally has a thickness of less than 0.8 
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mm, such as paint, was developed per square meter of the material, i.e. the area of the 

material will be extracted from the model to conduct the footprint results without 

considering the thickness of the material. Therefore, the minimum allowable thickness 

can be given in the model by the building designer. 
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Figure 5.4 Flowchart of the resource and climate footprint analysis using the Sustainable 

Resource Application (SURAP) in Autodesk Revit 
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5.3 Applying the application 

The design of a multi-family building in Germany consisting of three floors, provided by 

Armoot Architekt GmbH, was chosen to test the suitability of the application. Usable 

floor area was calculated according to DIN 277 and equals 334.19 m². Details of the 

building elements and materials are described in Table 5.1 and Appendix 5.A (Table 

5.A.1). The focus was not on the critical analysis of the LCA of the case study building, 

but rather on the workflow and applicability of SURAP within a BIM model. Doors and 

windows were not considered because of the limitations of the footprint data used; 

however, they could be quantified by SURAP from the building model given sufficient 

data.  

Table 5.1 Description of the building elements of the case study 

Building Element 
(BE) 

Material details Thickness 
(mm) 

Quantity  
Kg/m² 
BE 

 

Ground floor Linoleum  2.50 2.88 

 

Cement screed 40.00 80.00 
Expanded polystyrene  120.00 3.60 

Foundation  
 

Bitumen sheet 4.50 4.95 
Concrete C25/30  250.00 600.00 
Concrete C12/15  100.00 150.00 
Crushed stone 150.00 276.00 

1st and 2nd Floors  Linoleum 2.50 2.88  

 

Sound insulation  5.00 0.68 
Cement screed 40.00 80.00 
Concrete C20/25 200.00 480.00 

Interior walls Interior paint 0.30 0.39 

 

Gypsum interior plaster 15.00 30.00 
Brick unfilled  120.00 144.00 
Gypsum interior plaster 15.00 30.00 
Interior paint 0.30 0.39 

Exterior walls Exterior paint 0.30 0.43 

 

Exterior cementitious plaster 15.00 15.00 
Expanded polystyrene 140.00 4.20 
Lightweight concrete 250.00 250.00 

Gypsum interior plaster 15.00 15.00  

Interior paint 0.30 0.39 
Flat roof Crushed stone  40.00 73.60  

 

Bitumen sheet 4.50 4.95 
Expanded polystyrene 200.00 6.00 
Damp insulation 0.20 0.25 
Concrete C25/30  200.00 480.00 
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Ceilings Acoustic panel, Aluminium  15.00 5.05  
 

Different design alternatives can be considered for any building element, but exterior 

walls were selected for this study. Several alternatives were considered to determine the 

best alternative regarding resource and climate footprints using SURAP. Exterior walls 

with different structures and insulation were designed in cooperation with architects and 

energy experts according to the European standards and technical information from the 

materials producers. Technical information on the material alternatives is shown in Table 

5.2. 

Table 5.2 Technical information of the materials alternatives for the exterior walls 

 Alternatives  
Structure material Insulation material 

Material Lightweight 
concrete 
(LWC) 

Sand-
Lime 
Brick 
(SLB) 

Unfilled 
Brick (UB) 

Expanded 
polystyrene 
(EPS) 

Mineral 
Wool 
(MW) 

Polyurethane 
(PU) 

Density (kg/ m³) 1000 1800 1200 30 145 31 
Lambda λ (W/m *k) 0.350 0.990 0.450 0.035 0.035 0.025 

 

 As the U-value of the reference exterior wall is 0.231 W/m² * k, all the alternatives 

should have the same U-value, as shown in Table 5.3, and meet the minimum 

requirements of the design regarding load-bearing capacity. Unfilled brick and sand-lime 

brick were considered as possible options for the reference structure material, which was 

lightweight concrete. The technical details of unfilled brick were described by the 

working group for masonry work in the federal association of the German brick industry 

(AMZ, 2004). The application rules of the masonry with sand-lime brick were defined in 

DIN 20000-402 (2017) and DIN EN 771-2 (2015), whereas the specifications for the 

lightweight concrete were described by the German association of lightweight concrete 

(2019). Polyurethane and mineral wool were considered as alternatives for the reference 

insulation material, which was expanded polystyrene. The use of polyurethane, mineral 

wool, and expanded polystyrene was regulated in EN 13165 (2016), EN 13162 (2015), 

and EN 13163 (2017), respectively. Detailed specifications of all the materials are 

described in the GaBi Extension database XIV: Construction materials’ service pack 38 

(see Appendix Table 5.A.2).  
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Table 5.3 Description of the exterior wall’s alternatives 

 Exterior walls alternatives (U-value 0.231 W/m² * K) 
LWC
;EPS 

LWC;
MW 

LWC;
PU 

SLB;
EPS 

SLB;
MW 

SLB
;PU 

UB;
EPS 

UB;
MW 

UB;
PU 

Structural material LWC LWC LWC SLB SLB SLB UB UB UB 

Thickness (mm) 250 120 120 175 175 175 240 240 240 

Insulation material EPS MW PU EPS MW PU EPS MW PU 

Thickness (mm) 120 110 100 140 140 100 125 125 90 

Note: EPS is expanded polystyrene, LWC is lightweight concrete, MW is mineral wool, PU is 
polyurethane, SLB is sand-lime brick, and UB is unfilled brick. 

 

5.4 Results and comparisons 

5.4.1 Sustainable resource application (SURAP) 

The application was tested for the design of the case study building. Figure 5.5 shows 

the design of the user interface of the new tab in addition to an overview of the first floor 

and building model of the case study. 

 
Figure 5.5 Front-end interface of the developed application 

At the building element level, footprint analysis using SURAP is shown for the 
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example of the exterior walls (Figure 5.6) in relation to the materials described in Table 

5.1. The building materials were addressed from the building model under the building 

material column. Under the Footprint data column, combined with the Select footprint 

data button, building designers can select footprint data for each building material. The 

quantity column refers to the quantity of the building material from the building model 

with the respective reference property. The type of reference property, such as area or 

volume, with the quantity of each material is set by SURAP from the building model to 

match that of the footprint data. The resource and climate footprints can be measured 

according to Equation  5.1 and shown under the RMI, TMR, weighted water, and GWI 

columns.  

 

 
Figure 5.6 Front-end interface of the footprint analysis at the level of building element (the 

case of exterior walls results) 

At the whole building level, the results were calculated according to Equation  5.2 

Figure 5.7). UFA was measured automatically by SURAP from the building model. First, 

the results of the resource and climate footprints were shown for the entire building. 

Second, they were represented by different building elements. Third, any building 

element could be selected to display the footprints of its constituent(s). The exterior walls 

were highlighted to explore the share of its constituents in terms of resource and climate 
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footprints in relation to the whole building. The results showed that the material and 

climate footprints of the exterior wall were primarily comprised of the lightweight 

concrete structural element of the exterior wall.  

 
Figure 5.7 Front-end interface of footprint analysis at the level of the whole building with 

footprint details of the exterior walls 

Alternative materials were considered for the exterior walls that had the same thermal 

performance and fulfilled the same structural requirements. The material footprint is only 

shown in terms of RMI, as there was no considerable amount of unused extractions 

regarding TMR (Figure 5.8). However, no significant difference in the material footprint 

was observed between the various alternatives, the climate footprint was reduced by 55% 

when the lightweight concrete was replaced by the sand-lime brick. There is a trade-off 

between the saving of the climate footprint and the increasing of the water and material 

footprints. Quantitative methods, such as normalization, could be considered for further 

development of SURAP to optimize the best alternative in terms of resource and climate 

footprints.  
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Figure 5.8 Resource and climate footprint analysis of different exterior walls alternatives. 

Note: EPS is expanded polystyrene, LWC is lightweight concrete, MW is mineral wool, PU is 
polyurethane, SLB is sand-lime brick, and UB is unfilled brick 

The foundation building element was selected to reveal the share of the resource and 

climate footprints of its materials (Figure 5.9). Showing the footprint details of element 

materials in relation to the whole building can assist building designers in addressing 

most prevalent footprint (footprint hotspot) and in identifying which materials can be 

changed at the design stage to improve building performance.  
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Figure 5.9 Front-end interface of the footprint results at the level of the whole building with 

the footprint details of the foundations 

 

Resource and climate footprints can be visualized according to different footprint 

categories. Each footprint is differentiated from red (maximum value of the footprint) to 

green (minimum value of the footprint) to enhance footprint hotspot analysis between 

different building elements. Results visualization, for example, of the material footprint, 

shows that RMI was dominated by the floors and foundation (Figure 5.10). Moreover, 

the RMI of the exterior walls was higher than that of the roof and interior walls. The 

visualization process can assist building designers in defining where using alternatives is 

most needed and in identifying which part of the building most strongly influences the 

resource and climate footprints.  
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Figure 5.10 Visualization of the material footprint in terms of Raw Material Input (RMI) 

per one square meter of the Usable Floor Area (UFA) of the building 

5.4.2 Comparison of the results 

SURAP was compared to a conventional LCA approach and a BIM-based LCA 

approach. The design of the case study (Table 5.1) was considered for comparison. The 

comparison included two main issues: the quantification of building information from 

the building model and the final results. The conventional LCA approach was conducted 

using openLCA software, and the BIM-based approach using one click LCA software 

(Bionova Ltd., 2018). OpenLCA was selected because it had already been used for the 

development of the footprint data of SURAP, and one click LCA was chosen due to the 

availability of diverse LCA data considering an international scope. 

Conventional LCA was performed in openLCA software v.1.10.2 with GaBi Extension 

database XIV: Construction materials’, released 2019 (service pack 38). The types and 

quantities of the building materials were taken from the building model by materials take-

off in Autodesk Revit software. Then, they were manually modelled in openLCA. One 

click LCA provides a web-based tool for conducting LCA calculations of buildings. It 

also provides a plugin for Autodesk Revit to conduct the LCA of buildings either in the 
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BIM environment of Autodesk Revit or by extracting the information of the building 

model and continuing with LCA modelling in the web-based tool.  

First, the quantification of building information in SURAP was compared to that of 

the one-click LCA Revit plugin version 2.2.0.0, before selecting the footprint data. All 

the materials of the building elements from the building model were addressed and 

quantified by SURAP and one click LCA (Appendix: Table 5.A.3).  

In SURAP, the materials of walls are quantified for the exterior and interior walls in 

separate categories to give designers greater transparency in selecting the footprint data 

for exterior or interior walls. The materials of walls are quantified in one category of 

walls in one click LCA. The case of ceilings is shown in Figure 5.11. The compound 

structure of the ceilings was defined by the building designer. The acoustic insulating 

material was selected from the library of materials in Autodesk Revit and given a 

thickness of 1.5 mm (Figure 5.11 (a)). One click LCA is shown in Figure 5.11 (b), where 

the material of the ceilings was chosen from the building model and had an area of 388.47 

m². Regarding SURAP, the acoustic material was defined from the building model and 

the area was calculated as 388.47 m² (Figure 5.11 (c)). One click LCA gives the designer 

the possibility to conduct the results on the basis of volumes, areas, or number of items; 

whereas, this is automatically defined by SURAP according to the reference property of 

the correspondent footprint data.  
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Figure 5.11 (a) Building element and material information of ceilings; (b) Quantification of 

ceilings material in one click LCA; (c) Quantification of ceilings material in SURAP 

 

The quantification of the materials of doors and windows in one click LCA depends 

on the classification of its constituents, such as quantifying the glass of the windows. The 

authors of this article believe that it will be easier for the designer to match the footprint 

data to a type of window or door depending on its type or size for the whole element in 

the building model. Hence, SURAP quantifies the doors and windows in the number of 

items for the different types in the building model, for instance, footprint data for a 

specific type of door with a size of 2.1 m × 1 m. 

Second, the results of SURAP were compared to those of openLCA and one click 

LCA. The diagram of the LCA modelling in openLCA is shown in Figure 5.12, while 

details of the LCI processes are provided in the appendix (Table 5.A.1).  
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Figure 5.12 Diagram of the process life cycle inventory of the case study in openLCA 

openLCA had already been used with the GaBi database for the development of the 

footprint data in SURAP, i.e. the same LCI was used for both openLCA and SURAP. 

Thus, the results of the openLCA were very close to that of SURAP with no more than 

10-3 difference, which is related to the approximation of the decimals in the background 

calculations for both tools. Figure 5.13 shows the results interface of the footprint 

analysis of the whole building in SURAP in comparison with the results interface of the 

material footprint analysis of the whole building in openLCA. In SURAP, the footprint 

results are shown according to the whole building, building elements, and materials of 

the building elements (Figure 5.13 (a)), while, in openLCA, the processes that share the 

footprint in the whole building are shown in Figure 5.13 (b).  
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Figure 5.13 (a) Results interface in SURAP of the material, water, and climate footprint per 

m² UFA of the building; (b) Results interface in openLCA of the material footprint per m² UFA 
of the building  

The material and water footprints presented in this article were not considered within 

the scope of the one click LCA, which was one of the primary motivations of this article. 

Therefore, only the results of the climate footprint of SURAP were compared to those of 

one click LCA and openLCA. However, one click LCA is based on diverse EPDs and 

sources of the database to obtain the LCA information of building materials; some of the 

materials in the case study that were used in SURAP were not found. Materials in one 

click LCA were selected according to: (1) the details of the materials used in the case 

study (Table 5.1), (2) the selected materials in SURAP (Appendix, Table 5.A.1), and (3) 

the recommendations from the architect (Armoot Architekt GmbH) regarding the 

structural requirements of the materials alternatives. Thermal performance was not 

considered. Footprint data of one click LCA are described in the Appendix (Table 5.A.4).  

The primary difference between the results of SURAP and one click LCA (Figure 

5.14) was the inspection of the exterior walls. The lightweight concrete element with 

expanded clay aggregates was selected as the structural element of the exterior walls in 

SURAP. In one click LCA, an element of the concrete with expanded clay was not found, 

and thus, the lightweight concrete block (hollow block) with expanded clay aggregates 

was chosen. Corresponding to the structural requirement of the building, this hollow 

concrete block should have a thickness of 35 cm. Accordingly, the material was edited 

in the building model by changing the type of the material and its thickness from 25 cm 

to 35 cm. Thus, the climate footprint of exterior walls was about 50 % lower in one click 
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LCA in comparison with the results of the exterior walls conducted by SURAP, despite 

the difference in the thickness. This is because the hollow concrete block contains less 

cement than the concrete element. 

 
Figure 5.14 Climate footprint analysis of the whole building using SURAP, one click LCA, 

and openLCA 

A large numerical difference in the LCA results of building materials can be observed 

if different LCA databases are considered (Takano et al., 2014). The key question was 

whether the difference in the results of SURAP and one click LCA was related to the 

interoperability in the background of the SURAP or to the difference in the footprint data. 

To answer this question, it was determined that the results relation (the relation of the 

final results of one click LCA to the final results of SURAP) is the same as the footprint 

data relation (the relation of the values of climate footprint data in the background of one 

click LCA to the values of the climate footprint data in the background of SURAP). The 

comparison of the results indicated that the difference was only related to the use of 

different footprint data in the background of both applications (Figure 5.15). The relation 

differed by 0.17 regarding structural material of the exterior walls, which was due to the 

10 cm increase in width of the exterior walls created by the hollow concrete block used 

in one click LCA 
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Figure 5.15 Relation of the results to the footprint data of SURAP and one click LCA to 

check the interoperability in the background of SURAP 

 

5.5 Discussion  

5.5.1 Application usage 

The application was tested by two architectural practices, which were selected due to 

their pertinence of working in a BIM environment. The footprint results were calculated 

for many alternatives of the building materials; however, for some selected materials, the 

related footprint data were not found. This was due to the lack of data at this time of 

application development. LCI data are regularly updated by databases such as GaBi and 

ecoinvent. The quantification of the material and water footprints for different building 

elements and materials with visualization possibility, which was first provided by 

SURAP, allowed the architects to show the sustainability aspects regarding resource 

efficiency. It should be noted that they highlighted the limitations of the decision-making 

process regarding the resource and climate footprint results of the different design 

options. In comparison with other BIM-based LCA tools, the application developed in 

this article, i.e. SURAP, initiates the implementation of the ambitious climate protection 

integrated with resource efficiency, as these environmental categories are becoming a top 
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priority in many international policies. 

The prototype of the SURAP was developed as a project start-up offering a 

commercial tool for enhancing the resource and climate footprint calculations in the BIM 

environment. An open access option for SURAP is under development but is dependent 

upon the free of charge database for the preparation of the footprint data in the backend 

of the application. An example of the free of charge database is the European Life Cycle 

Database (ELCD), which was developed by the Joint Research Centre (Joint Research 

Center, 2015). 

5.5.2 Limitation and future insights 

The application has a wide range of possible future implementations and further 

developments. However, the version presented in this article is still under development 

and is limited in the following ways: 

• Building life cycle phases, such as B4, B7, or C1-C3 (EN 15978, 2012), have not yet 

been considered. Their integration is primarily related to the development of the 

footprint data, and to an extent, the construction building materials that are and will 

be covered by existing databases such as GaBi and ecoinvent. These life cycle stages 

have been considered by other building LCA tools such as one click LCA and 

CAALA. However, material and water footprints were not within the scope of 

environmental impacts. One click LCA depends on the EPDs to prepare the footprint 

data of those life cycle phases, whereas ÖKOBADAT was used for CAALA.  

• The decision on the material alternatives that minimize the cradle-to-gate 

environmental impact of buildings does not usually affect the impact of the 

operational energy (Hoxha et al., 2017). The operational energy consumption relating 

to the B6 life cycle phase of a building asset (EN 15978, 2012) has not yet been 

integrated. At the current stage of SURAP, the thermal transmittance (U-value) could 

be considered a reference for the footprint analysis, which is included in the 

information under the libraries of the building elements. The backend of SURAP 

could be further developed to include operational energy calculation, for example, 

according to the method regulated in DIN V 18599 (Hollberg et al., 2018). This 

method might be considered by CAALA to conduct preliminary results of operational 

energy consumption, while the energy consumption must be manually provided when 

using one click LCA.  
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• Regarding the decision-making process, normalization could provide results on the 

best alternative regarding resource and climate footprints. It comprises the division 

of the footprint result for a design option in relation to the footprint reference value. 

Epitomes of the footprint reference value could be the total footprint values of a 

specific country per capita, footprint values of a reference scenario, or distance to the 

targeted footprint values (Benini et al., 2014; M. A.J. Huijbregts et al., 2003). No 

decision-making method has been developed through the use of other BIM-LCA 

tools, for example CAALA (CAALA, 2020), one click LCA (Bionova Ltd., 2018), 

and Tally (KT Innovations, 2018). Therefore, the normalization method can be used 

not only to enhance the decision-making of the resource and climate footprints of 

buildings, but also for promoting the best alternative regarding other environmental 

impacts considered by other BIM-LCA tools. 

5.6 Conclusion 

Developments in building design tools that enhance the quantification of natural resource 

use can address policy recommendations regarding resource efficiency. A common 

understanding of resource and climate footprints at the design stage of buildings could 

help to meet the outstanding challenges of sustainable development. This research 

extends the BIM environment with an application for resource and climate footprint 

analysis integrated into the architecture engineering design tool. The article provides 

original information and learning that could enable the successful incorporation of 

resource considerations regarding the wider BIM framework.  

The benefit of the application is that it does not require building designers to have 

extensive knowledge of conventional LCA methodologies. Furthermore, complications 

in communication and updates between building modelling and LCA analysis are 

avoided. The methods presented in this article could be used to meet different needs of 

building planning in the BIM environment, such as integrating other sustainability 

assessment factors or the adaptation of sustainability assessment systems to local 

environmental conditions, possibly also considering the availability or scarcity of natural 

resources. Further developments are required to extend the scope of the application to 

consider the use phase and the after-use phase of the building and to provide guidance 

on how to resolve trade-offs between different environmental footprints. 

 



CHAPTER SIX                                                        Resource and Climate Footprints 

98 
 

6. CHAPTER SIX 

 

Conclusions and Prospects on Further Developments 

6.1 Conclusions  

Indicators in terms of energy consumption, recycling potential, or use of secondary 

materials dominate the scope of the current methodologies of natural resources 

assessment in the construction industry. Needs to adequate methodology have been 

studied in this research, which could fulfil the recommendations of the national and 

international policies to achieve resource efficiency. This thesis has  

• shown that a methodology of quantifying resource and climate footprints of buildings 

and infrastructures can be used to close significant gaps of and supplement existing 

sustainability assessment schemes, 

• tested the applicability of the methodology for construction applications, and  

• upgraded the assessment into the BIM environment by developing an application in 

the form of SURAP, which could enhance quantifying and visualizing resource and 

climate footprints of buildings during the architectural design. 

This research investigated the feasibility of considering material footprint indicators 

RMI and TMR to enhance the sustainability assessment schemes of buildings. It has been 

shown that the decision-making process of construction design should be based not only 

on global warming impact data but also considering the other side of the environmental 

impact assessment, which refers to the use of natural resources. The research provides a 

comprehensive LCA of resource and climate footprints to assess the use of different 

design alternatives in relation to the functionality of buildings and infrastructures. It 

contributes to existing footprint knowledge of UHPC by providing footprint analysis 

with considering the functionality of the final product in comparison with conventional 

concrete. Better environmental performance of UHPC could be indicated within the 

assessment of a practical application such as a bridge. The research includes the 

development of a novel software application within BIM environment namely 

Sustainable Resource Application (SURAP). The BIM environment has been extended 

with the features of SURAP, which can be used for quantifying and visualizing resource 

and climate footprints during the design stage of buildings. Consequently, additional 
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efforts, time, and cost can be saved, while sustainability perspectives are considered. A 

prototype of SURAP is presented in this research, and it has been tested for a multi-

family building and the result are validated using the conventional LCA software and a 

BIM-LCA tool. The architects and building planners can explore the direct effect of 

design changing or select between different building materials on the resource and 

climate footprints. An advantage of the application is that the users will not need to have 

extensive knowledge of LCA, and there will be no longer need for the time-consuming 

process of design exchange to optimize footprint performance. Thus, the outcome of the 

research can be valuable for stakeholders, planners, architects, and engineers to have a 

comprehensive methodology and a useful tool to increase the resource efficiency with 

considering the climate impact of buildings and infrastructures.  

6.2 Prospects on further developments of SURAP  

Decision-making process  

SURAP can quantify resource and climate footprints of different design options. 

However, the decision-making process has not been integrated yet. The normalization 

method could be used to enhance the decision on the best alternative regarding resource 

and climate footprints (see Appendix 6). It provides weighted results of the resource and 

climate footprints for each design option that are comparable to make a decision on the 

best alternative.  

Integration of energy footprint category of cumulative energy demand  

An additional footprint category could be integrated into SURAP to quantify Cumulating 

Energy Demand (CED) on basis of cradle-to-gate. The CED accounts for the life cycle 

wide direct and indirect energy consumption, including energy consumption for the 

extraction, production and disposal of raw materials (Mark A. J. Huijbregts et al., 2010). 

A new FD of CED are developed and could be integrated into the calculation model 

described in chapter 5.  

Integration of operational energy in SURAP 

According to the EN 15978, B6 life cycle phase includes the operational energy of 

buildings related to e.g. cooling and heating. Two methods could be considered for 

calculating the operational energy of building during the design stage, which are dynamic 

calculation and quasi-steady state. As a simplified method, the quasi-steady state, 
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according to the ISO 13790, is widely used for calculating the operational energy during 

the early design phase of buildings. An algorithm of the quasi-steady state method could 

be developed and integrated into SURAP. A similar approach is followed by Hollberg et 

al., (2018) to calculate the heating demand of the residential buildings in Germany 

according to DIN V 18599-2. 

To quantify the end energy demand of buildings, heat transfer should be addressed. 

It is related to the heat sinks and heat sources. They are mainly related to transmission, 

ventilation, radiation, and internal processes. Moreover, building properties are 

substantial criteria for energy calculation. Those criteria could be summarized as building 

envelope, orientation, insulation, location zone, type of usage, specifications of elements 

and materials, and geometrical information. All those aspects can be considered for 

further developments of SURAP to address the resource and climate footprints related to 

the operational energy of buildings. 

Footprint data development 

There is a wide area of further developments of the footprint data. So far, cradle-to-gate 

data are considered. The scope of the footprint data could be expanded to include other 

life cycle phases related to the use and end of life of buildings. Data of the use phase, 

except energy operation, includes either maintenance or replacements activities. 

Maintenance activities are mostly related to the use of electricity or fuels consumption 

such as diesel, whereas, replacements activities could be calculated on the basis of cradle-

to-gate data knowing how many times the material or the building system will be 

replaced during the whole life of the building. Data related to the end of life phase could 

be produced either from the literature or by using the existing databases such as GaBi 

and ecoinvent.    

Development of certification model 

Regarding sustainability assessment schemes such as DGNB or LEED, an evaluation 

system could be further developed to enhance the crediting of building design. The 

system could provide a grade for the assessed building, which depends on the footprint 

value of the whole building. 

SURAP extension with other BIM software  
A version of SURAP could be further expanded with a web or a desktop application that 

could communicate with different types of BIM software such as SketchUp. The 
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application has the ability of exchanging building information with the building model 

using the file format e.g. gbxml or IFC and consequently calculating the footprint results. 
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Appendices 

 

Appendix 2.A: Life Cycle Impact Assessment Method of Material Footprint for 

the construction materials database 

Appendix 2.B 

Economic allocation 

This section is related to data of CFRMI obtained from Raw Materials Group (RMG), 

RMG is now part of S&P Global Market Intelligence database (S&P Global Market 

Intelligence, 2018), economic allocation is applied, where more than one metal was 

contained in the run of mine. Mass allocation leads to distorting the calculation results 

(Schoer et al., 2012), therefore, an economic allocation with a long-term average of 

market price is highly recommended by the German Association of Engineers (VDI, 

2016a) for calculating the percentage of the related metals within the ore. The economic 

allocation is based on the average 10-year market price (2006-2015) (The World Bank, 

2016). 

RMG provides data on mines with information about metals concentrations within 

the ore mined. Economic allocation is applied to all mines of data provided by RMG to 

calculate CFRMI. The distribution of mines production size and concentration of metals 

within the ore is uneven, therefore, the median of CFRMI for different mines of a specific 

metal is considered. For instance, CFRMI for copper represents the median of 141 mines 

worldwide. Here, the authors take an example of cobalt, data comprise 18 mines 

worldwide. Mine of Vale Nouvelle-Caledonie (VNC) is considered for this example 

because it represents the median of the CFRMI for the 18 mines worldwide. 

Mine of VNC produces cobalt in addition to the main metal i.e. nickel, nickel 

concentration within the ore is 1.27 % and concentration of cobalt is 0.00891 % 

(Murguia, 2015). The average 10-year market price (2006-2015) for nickel is 20.33 $/kg 

and for cobalt is 30.05 $/kg (The World Bank, 2016). Initially, allocation factor (AF) for 

the metal cobalt should be calculated according to Equation 2.B.1, then it should be 

divided by the concentration of the respective metal within the ore as described in 

Equation 2.B.2. (Schoer et al., 2012; VDI, 2016a): 

𝑈𝑈𝐶𝐶𝑖𝑖 =  2.B.1 

https://www.sciencedirect.com/science/article/pii/S2352710218303929
https://www.sciencedirect.com/science/article/pii/S2352710218303929
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𝐶𝐶𝐶𝐶𝑛𝑛𝐶𝐶𝐶𝐶𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝐶𝐶𝑛𝑛 𝐶𝐶𝑜𝑜 𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝑚𝑚 𝑖𝑖 𝑤𝑤𝑖𝑖𝐶𝐶ℎ𝑖𝑖𝑛𝑛 𝐶𝐶𝐶𝐶𝐶𝐶 %∗𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐶𝐶 𝑝𝑝𝐶𝐶𝑖𝑖𝐶𝐶𝐶𝐶 𝐶𝐶𝑜𝑜 𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝑚𝑚 𝑖𝑖 $/𝑘𝑘𝐴𝐴
𝑂𝑂𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚 𝐴𝐴𝐶𝐶𝑚𝑚𝑣𝑣𝐶𝐶 𝐶𝐶𝑜𝑜 𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚 𝑤𝑤𝑖𝑖𝐶𝐶ℎ𝑖𝑖𝑛𝑛 𝐶𝐶𝐶𝐶𝐶𝐶 (𝐶𝐶𝐶𝐶𝑛𝑛𝐶𝐶𝐶𝐶𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝐶𝐶𝑛𝑛 %∗ 𝐶𝐶𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐶𝐶 𝑝𝑝𝐶𝐶𝑖𝑖𝐶𝐶𝐶𝐶 $/𝑘𝑘𝐴𝐴)

     

𝑈𝑈𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝐶𝐶𝑚𝑚𝐶𝐶 =
0.00891 % ∗ 30.05$/𝑘𝑘𝑘𝑘

0.00891 % ∗ 30.05$/𝑘𝑘𝑘𝑘 + 1.27 % ∗ 20.33$/𝑘𝑘𝑘𝑘
 

                 = 0.01026  
𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅 𝑖𝑖 = 𝐴𝐴𝐴𝐴𝑖𝑖

𝐶𝐶𝐶𝐶𝑛𝑛𝐶𝐶𝐶𝐶𝑛𝑛𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝐶𝐶𝑛𝑛 𝐶𝐶𝑜𝑜 𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝑚𝑚 𝑖𝑖 𝑤𝑤𝑖𝑖𝐶𝐶ℎ𝑖𝑖𝑛𝑛 𝐶𝐶𝐶𝐶𝐶𝐶 %
                        

                       

2.B.2                                                                       

 

𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝑐𝑐𝐶𝐶𝑚𝑚𝐶𝐶 =
0.01026

0.00891 %
  

                           = 115.1 kg/kg 

 

No information is available about unused extraction for cobalt (WU, 2016), therefore 

𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝑐𝑐𝐶𝐶𝑚𝑚𝐶𝐶  and 𝐶𝐶𝐶𝐶𝑇𝑇𝑅𝑅𝑅𝑅 𝐶𝐶𝐶𝐶𝑐𝑐𝐶𝐶𝑚𝑚𝐶𝐶 are the same. 𝐶𝐶𝐶𝐶 𝑇𝑇𝑅𝑅𝑅𝑅𝑖𝑖 could be calculated according to 

Equation  2.B.3 (Saurat & Ritthoff, 2013).  

 

   𝐶𝐶𝐶𝐶 𝑇𝑇𝑅𝑅𝑅𝑅𝑖𝑖 = ((𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑢𝑢𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒𝑢𝑢 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑢𝑢𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒𝑢𝑢)⁄ + 1 ) ∗  𝐶𝐶𝐶𝐶 𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖   2.B.3 

 

LCI of processes in GaBi XIV construction materials database 

Processes are created at three levels. Firstly, for the construction materials of the exterior 

walls considering A1-A3 life cycle stages. Secondly, for the alternatives of the exterior 

walls of A1-A3 life cycle stages. Thirdly, for the variants of the building with different 

alternatives of the exterior walls considering A1-A3 and B6 life cycle stages.  

Usable floor area of the building is 620.3 m². Area of the exterior walls is 489.1 m², 

which is consisting of 180.9 m² for the basement exterior walls and 308.2 m² for the 

exterior walls of the ground and first floor. Quantities are calculated in regard to the 

required amount for the whole building per usable floor area of the building, and annually 

when the use phase is considered.  For instance, interior paint is used for the whole 

building as it is shown in Table 2.2, therefore its amount of one square meter of the EW 

(0.405 kg) should be multiplied by 489.1 m² and divided in relation to 620.3 m² 

(0.405*489.1/620.3=0.32).  

Inventory of GaBi processes for the LCA calculations of construction materials and 

exterior walls alternatives is shown in Table 2.B2.1 Connections between the used 

processes in the LCI of GaBi are described in Figure 2.4 of the article. All the processes 

are located in Germany, which is symbolized as DE by the database. 
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Table 2.B2.1 GaBi process inventory for the production phase of the exterior walls (A1-A3). 
Material/product GaBi process Unit Amount 

of 1 m² 
of EW 

Amount 
of 
whole 
building 
per 
UFA 

Interior paint     Dispersion based interior wall paint, wet abrasion 
resistance 1, hiding power 2 - DBC/IVK/VdL 
(A1-A3), production mix, association / model 
EPD, valid for Germany. 

kg 0.41 0.32 

Gypsum interior 
plaster 

Gypsum interior plaster (EN15804 A1-A3), 
production mix, at plant, technology mix 

kg 15 11.83 

Thin-Bed mortar Special mortar (Thin-Bed mortar) - IWM, 
production mix, at producer, technology mix 

   

For width of EW 0.365 m (ACB, LCB, or PFB)  kg 4.40 3.47 
For the width of EW 0.240 m (UBE or SLBE) kg 2.88      - 
For width of EW 0.175 m  (SLBE) kg 2.60      - 

Cementitious 
exterior plaster 

Lightweight cementitious plaster - IWM (A1-
A3), production mix, at plant, technology mix 

kg 15 7.45 

Bitumen 
emulsion 

Bitumen emulsion (EN 15804 A1-A3), 
production mix, at plant, technology mix, 40% 
bitumen, 60% water 

kg 0.25 0.07 

Bitumen sheet Bitumen sheet v 60 (EN15804 A1-A3), 
production mix, at plant, technology mix 

kg 5 1.46 

Aerated 
concrete block 

Aerated concrete block P4 05 not reinforced 
(EN15804 A1-A3), production mix, at plant, 
technology mix 

kg 172.3 135.8 

Lightweight 
concrete block  

Lightweight concrete block (pumice, hollow 
block, density 0,8), production mix, at plant, 
technology mix, pumice, hollow block 

kg 292 230.2 

Perlite filled 
brick  

Perlite filled brick POROTON S - Deutsche 
POROTON, production mix, technology mix 

m³ 0.365 0.28 

 kg 294.19 232 
Unfilled brick  Backing bricks, unfilled, Arbeitsgemeinschaft 

Mauerziegel AMZ (A1-A3), German Association 
data, average, Tunnel furnace 

kg 288 227 

ETICS with EPS               ETICS [kg/m²] (glued and dowelled/EPS) 
Production - Fachverband WDVS, production 
mix, technology mix 

m² 1 0.49 
kg 13.8 6.86 

Sand-lime brick  Sand-lime brick Silka - Xella, EPD based 
information, at producer, technology mix 

   

Width of EW 0.24 m   kg 432 126 
Width of EW 0.175 m   kg 315 156.5 

ETICS with SW          ETICS [kg/m²] (glued and dowelled/stone wool) 
- Fachverband WDVS, production mix, 
technology mix 

m² 1 0.49 
kg 30.84 15.3 

ETICS with 
XPS 

    

XPS Extruded polystyrene (XPS) (EN15804 A1-A3), 
production mix, at plant, technology mix 

kg 3.84 1.12 
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ETICS for XPS ETIC (Adhesion and coating, silicone resin 
plaster), production mix, at plant, technology mix 

m² 1 0.29 
kg 12.3 3.59 

 

Annual heating demand for the use phase of the building is considered with using 

different alternatives of the exterior walls. The process of producing thermal energy by 

the gas condensing boiler is shown in Table 2.B2.2.  
Table 2.B2.2 GaBi process inventory for the use phase of the building (B6). 

Material/product GaBi process Unit Annual heating 
demand for the 
variant of the 
building with (per 
UFA) 

Thermal energy Gas condensing boiler 20-120 kW (EN15804 
B6), production mix, at plant, technology 
mix, 20-120 kW 

MJ ACB 119.55 

LCB 169.99 
PFB 115.70 
UBE 109.36 
SLBE 111.49 

 

LCA calculations of the building variant with an alternative of the exterior walls 

(ACB, LCB, PFB, UBE, or SLBE) could be done in relation to the connections between 

processes shown in Figure 2.4 and corresponding to the quantities introduced in Table 

2.B2.1 and Table 2.B2.2. 

Energy calculations 

Material resource use for the use phase is determined corresponding to the energy 

consumption of the building due to heating demand. Heating demand is fulfilled by a gas 

condensing boiler 20-120 kW. A software developed by the Department of Building 

Physics at the University of Kassel is used (University of Kassel, 2016). Anyhow, the 

authors will provide all the required information for doing the energy analysis with the 

same software or another one. Five variants of the building are considered, i.e. with ACB, 

LCB, PFB, UBE, or SLBE. 

Variants of the building differ from each other in the composition of the exterior 

walls. Table 2.B3.1. shows details of the exterior walls in terms of energy calculations, 

the authors take ACB and SLBE as examples of the alternatives of the exterior walls. 

Calculations of thermal resistance (R-value) and thermal transmittance (U-value) are 

done in accordance with DIN EN ISO 6946 (DIN EN ISO 6946, 2017). Rsi represents  
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internal R-value and Rse represents external R-value, DIN EN ISO 6946 (DIN EN ISO 

6946, 2017) specified value of Rsi as 0.13 (m² *K)/W and Rse  as 0.04 (m² *K)/W where 

the direction of the heat flow is horizontal and Rse  is equal to zero for the underground. 
 Table 2.B3.1 Details of ACB and SLBE for the energy calculations 

Alternative of 
the exterior 
wall 

Thickness (t) 
(mm) 

Material 
 

Lambda 
(λ) [W/ 
(m *K)] 

R = t / λ  
[K/W] 

Rsi , Rse 
[(m² 
*K)/W] 

ACB 
ground and 
first floor 

Internal    0.13 

 15 Gypsum interior plaster 0.400 0.038  
 365 Aerated concrete block 0.100 3.650  
 15 Exterior cementitious 

plaster 
0.380 0.039  

 External    0.04 
   ∑    ti / λi 3.727  
  R(DIN EN ISO 6946, 2017)= Rsi  + ∑    ti / λi + Rse   = 3.847                                          

U =1/R  = 0.26 
 

ACB  
basement 

Internal Heat flow is horizontal 
against backfilling (Rse=0) 

  0.13 

 15 Gypsum interior plaster 0.400 0.038  
 365 Aerated concrete block 0.100 3.650  
 0.2 Bitumen emulsion 0.170 0.001  
 4.5 Bitumen sheet 0.230 0.020  
 External    0 
   ∑    ti / λi 3.709  
  R= 3.839                                                                                 

U = 0.261 
SLBE 
ground and 
first floor 

Internal    0.13 

 15 Gypsum interior plaster 0.400 0.038  
175 Sand lime brick 0.990 0.177  
160 ETICS with SW 0.035 4.571  
External    0.04 
  ∑    ti / λi 4.786  
 R= 4.956                                                                                

U = 0.202                                                                                                                                  
SLBE 
basement 

Internal    0.13 

 15 Gypsum interior plaster 0.400 0.038  
 240 Sand lime brick 0.990 0.242  
 0.2 Bitumen emulsion 0.170 0.001  
 120 ETICS with XPS               0.029 4.138  
 4.5 Bitumen sheet 0.230 0.020  
 External    0 
   ∑    ti / λi 4.439  
  R= 4.569                                                                                  

U = 0.219                                                                        
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Table 2.B3.2 shows geometrical information of the building. Table 2.B3.3. shows 

details of the basement floor and flat roof. Specifications of screed and EPS are defined 

according to DIN 4108-4 (DIN 4108-4, 2017). Details of reinforced concrete and 

bitumen sheet are based on DIN EN ISO 10456 (DIN EN ISO 10456, 2010). Rsi and Rse 

are described according to DIN EN ISO 6946 (DIN EN ISO 6946, 2017). 
Table 2.B3.2 Geometrical information of the building 

Orientation  Area of the 
exterior 
walls of the 
ground and 
first floor 
[m²] * 

Area of the 
exterior walls 
of the 
basement 
[m²]* 

Area of the 
windows of 
the ground 
and first floor 
[m²] 

Area of the 
windows of 
the basement 
[m²] 

Area of the 
main door 
 [m²] 

North 85.96 47.12 11.76 1.42 2.42 
West 79.25 43.33 7.20 1.42  
South 70.82 47.12 26.90 1.42  
East 72.16 43.33 16.71 1.42  

Note: * without opening area; Gross floor area of the basement floor or of the flat roof is 230.77 
m²; Typical height of the floor =2.8 m 
Table 2.B3.3 Details of the basement floor and the flat roof for the energy calculations 

 Thickness 
(t) [mm] 

Material 
 

Lambda (λ) 
[W/ (m *K)] 

R = t / λ  
[K/W] 

Rsi , Rse 
[(m² *K)/W] 

Basement 
floor 

Internal    0.17 

 40 Screed-cement 
(2000 kg/m³) 

1.400 0.029  

 40 EPS (0.04) 0.040 1.000  
 80 EPS (0.035) 0.035 2.286  
 100 Reinforced concrete 

(2300 kg/m³) 
2.300 0.087  

      
 External    0 
   ∑    ti / λi 3.402  
  R= 3.572                                                                              U = 0.280 
   
Flat roof Internal    0.1 
 200 Reinforced concrete 

(2400 kg/m³) 
2.500 0.080  

 200 EPS (0.035) 0.035 5.714  
 4.5 Bitumen sheet 0.230 0.020  
 4 Crushed sand grain 

0-2 mm 
0.700 0.143  

 External    0.04 
   ∑    ti / λi 5.957  
  R= 6.097                                                                             U = 0.164 
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APPENDIX 3.A 

Life Cycle Inventory of UHPC 

Table 3.A1. Life cycle inventory of 1 m3 of ready-mix (M3Q) UHPC using GaBi construction 
materials database for A1–A3 life cycle stages. 

Flow Quantity Unit Process 

Cement (CEM I) 775.00 kg Cement (CEM I 52.5) (EN15804 A1-A3), production 
mix, at plant, technology mix, CEM I 52.5 -DE 

Quartz sand (0/2) 946.00 kg Silica sand (Excavation and processing), production mix, 
at plant, technology mix, sand, diameter < 2 mm, DE 

Very fine milled silica sand 
d50 = 20 micrometer 193.00 kg 

Very fine milled silica sand d50 = 20 micrometer, at 
plant, Production, median diameter of silica sand grains 
is 20 micrometers, EU-27 

Plasticizer 23.50 kg 

Concrete admixtures Plasticizer and superplasticizer—
Deutsche Bauchemie e.V. (DBC) (A1–A3), production 
mix, association/model EPD, valid for Germany, 
technology mix, 1 kg; density: 1–1.6 kg/l, DE 

Water, ground 183.00 kg - 

Transporting capacity 7.31 * tkm Transportation by rail (EN15804 A4), production mix, at 
plant, technology mix, DE 

Transporting capacity 9.20 ** tkm 
Container ship (EN15804 A4), production mix, at plant, 
technology mix, heavy fuel oil driven, cargo, Average, 
DE 

Transporting capacity 398.58 
*** tkm Truck (EN15804 A4), production mix, at plant, 

technology mix, DE 

Electricity 7.09 kWh Electricity grid mix 1 kV–60 kV, consumption mix, to 
consumer, AC, technology mix, 1 kV–60 kV, DE 

Light fuel oil 0.21 kg Light fuel oil at refinery (EN15804 B6), production mix, 
at refinery, from crude oil, 0.1 wt.% sulphur, DE 

Diesel 0.07 kg 
Diesel mix at filling station, consumption mix, at filling 
station, from crude oil and bio components, 8.37 wt.% 
bio components, DE 

Micro steel fibers 192 kg See production of 1 kg micro steel fibers 
Calculations of the transport: * Rail: 8.9 % of the cement 0.089 ∙ 0.775 𝑒𝑒 ∙ 106 𝑘𝑘𝑚𝑚 = 7.31 𝑒𝑒𝑘𝑘𝑚𝑚;  
** Ship: 11.2% of the cement  0.112 ∙ 0.775 𝑒𝑒 ∙ 106 𝑘𝑘𝑚𝑚 = 9.20 𝑒𝑒𝑘𝑘𝑚𝑚; *** Truck: rest percentage 
of cement and other materials: 0.799 ∙ 0.775 𝑒𝑒 ∙ 106 𝑘𝑘𝑚𝑚 + 0.164 𝑒𝑒 ∙ 700 𝑘𝑘𝑚𝑚 + 0.192 𝑒𝑒 ∙
230 𝑘𝑘𝑚𝑚 + 0.0313 𝑒𝑒 ∙ 100 𝑘𝑘𝑚𝑚 + 1.139 𝑒𝑒 ∙ 150 𝑘𝑘𝑚𝑚 = 398.58 𝑒𝑒𝑘𝑘𝑚𝑚. 
 
Table 3.A2. Life cycle inventory of 1 m3 of precast (M2Q) UHPC using GaBi construction 
materials database for A1–A3 life cycle stages 

Flow Quantity Unit Process 

Cement (CEM I) 832.00 kg Cement (CEM I 52.5) (EN15804 A1–A3), production 
mix, at plant, technology mix, CEM I 52.5, DE 

Quartz sand (0/2) 975.00 kg Silica sand (Excavation and processing), production mix, 
at plant, technology mix, sand, diameter < 2 mm, DE 

Very fine milled silica sand 
d50 = 20 micrometer 207.00 kg 

Very fine milled silica sand d50 = 20 micrometer, at 
plant, Production, median diameter of silica sand grains 
is 20 micrometers, EU-27 

Plasticizer 29.40 kg 

Concrete admixtures Plasticizer and superplasticizer—
Deutsche Bauchemie e.V. (DBC) (A1–A3), production 
mix, association / model EPD, valid for Germany, 
technology mix, 1 kg; density: 1–1.6 kg/l, DE 

Water, ground 166.00 kg - 

Transporting capacity 7.85 * tkm Transportation by rail (EN15804 A4), production mix, at 
plant, technology mix, DE 
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Transporting capacity 9.88 ** tkm 
Container ship (EN15804 A4), production mix, at plant, 
technology mix, heavy fuel oil driven, cargo, 
Average,DE 

Transporting capacity 389.37 
*** tkm Truck (EN15804 A4), production mix, at plant, 

technology mix, DE 

Electricity 26.42 MJ Electricity grid mix 1 kV–60 kV, consumption mix, to 
consumer, AC, technology mix, 1 kV–60 kV, DE 

Light fuel oil 2.73 kg Light fuel oil at refinery (EN15804 B6), production mix, 
at refinery, from crude oil, 0.1 wt.% sulphur, DE 

Diesel 0.07 kg 
Diesel mix at filling station, consumption mix, at filling 
station, from crude oil and bio components, 8.37 wt.% 
bio components, DE 

Micro steel fibers 192 kg See production of 1 kg micro steel fibers 
Calculations of the transport: * Rail: 8.9 % of the cement 0.089 ∙ 0.832 𝑒𝑒 ∙ 106 𝑘𝑘𝑚𝑚 = 7.85 𝑒𝑒𝑘𝑘𝑚𝑚;  
** Ship: 11.2% of the cement 0.112 ∙ 0.832 𝑒𝑒 ∙ 106 𝑘𝑘𝑚𝑚 = 9.88 𝑒𝑒𝑘𝑘𝑚𝑚; *** Truck: Rest percentage 
of cement and rest materials 0.799 ∙ 0.832 𝑒𝑒 ∙ 106 𝑘𝑘𝑚𝑚 + 0.135 𝑒𝑒 ∙ 700 𝑘𝑘𝑚𝑚 + 0.192 𝑒𝑒 ∙
230 𝑘𝑘𝑚𝑚 + 0.0294 𝑒𝑒 ∙ 100 𝑘𝑘𝑚𝑚 + 1.182 𝑒𝑒 ∙ 150 𝑘𝑘𝑚𝑚 = 389.37 𝑒𝑒𝑘𝑘𝑚𝑚. 
 
Table 3.A3. Life cycle inventory of 1 kg micro steel fibers using ecoinvent 3.1 cut-off database 

Description Flow Quantity Unit Process 
crude steel 
production steel, low-alloyed, -RER 1.005362 kg steel production, converter, low-

alloyed, cut-off, U, RER 
Hot rolling 
to wire Hot rolling, steel, RER 1.005362 kg hot rolling, steel, cut-off, U, RER 

Descaling 
Electricity, low voltage, DE 0.0357 kWh 

BKV: electricity voltage 
transformation from medium to low 
voltage, grid 2030 

Industrial machine, heavy, 
unspecified, RER 1.42 × 10−5 kg industrial machine production, 

heavy, unspecified, cut-off, U, RER 

Dry drawing 

Electricity, low voltage, DE 0.114 kWh 
BKV: electricity voltage 
transformation from medium to low 
voltage, grid 2030 

Industrial machine, heavy, 
unspecified, RER 1.38 × 10−4 kg industrial machine production, 

heavy, unspecified, cut-off, U, RER 
Soap - RER 0.012 kg soap production, cut-off, U, RER 

wet drawing 

Electricity, low voltage, DE 2.452 kWh 
BKV: electricity voltage 
transformation from medium to low 
voltage, grid 2030 

Industrial machine, heavy, 
unspecified, RER 9.74 × 10−4 kg industrial machine production, 

heavy, unspecified, cut-off, U, RER 

Lubricating oil, RER 0.002 kg lubricating oil production, cut-off, 
U,RER 

Tap water,Europe without 
Switzerland 0.02 kg market for tap water, cut-off, U, 

Europe without Switzerland 

Annealing 
Electricity, low voltage, DE 0.126 kWh 

BKV: electricity voltage 
transformation from medium to low 
voltage, grid 2030 

Industrial machine, heavy, 
unspecified, RER 2.28 × 10−4 kg industrial machine production, 

heavy, unspecified, cut-off, U, RER 

stranding 
Electricity, low voltage, DE 0.937 kWh 

BKV: electricity voltage 
transformation from medium to low 
voltage, grid 2030 

Industrial machine, heavy, 
unspecified, RER 2.60·10−3 kg industrial machine production, 

heavy, unspecified, cut-off, U - RER 

Cutting Electricity, low voltage, DE 0.033 kWh 
BKV: electricity voltage 
transformation from medium to low 
voltage, grid 2030 
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Industrial machine, heavy, 
unspecified, RER 1.56 × 10−4 kg industrial machine production, 

heavy, unspecified, cut-off, U, RER 
 

Life Cycle Inventory of Conventional Concrete 

Table 3.A4. Life cycle inventory of 1 m3 of ready-mix concrete C35/45 using GaBi construction 
materials database for A1–A3 life cycle stages. 

Flow Quantity Unit Process 

Cement (CEM II/A) 356.00 kg Cement (CEM II/A) (EN15804 A1–A3), production mix, 
at plant, technology mix, CEM II/A, DE 

Gravel (2/32) 1168.00 kg Gravel grain 2-32 mm, production mix, at plant, 
technology mix, dried - DE 

Plasticizer 1.80 kg 

Concrete admixtures plasticizer and superplasticizer - 
Deutsche Bauchemie e.V. (DBC) (A1–A3), production 
mix, association/model EPD, valid for Germany, 
technology mix, 1 kg; density: 1–1.6 kg/l DE 

Sand (0/2) 640.00 kg Sand grain 0–2 mm (dried) (EN15804 A1–A3), production 
mix, at plant, technology mix, grain size 0–2 mm, DE 

Water 165.00 kg - 

Transporting capacity 4.70 * tkm Transportation by rail (EN15804 A4), production mix, at 
plant, technology mix, DE 

Transporting capacity 11.35 ** tkm Container ship (EN15804 A4), production mix, at plant, 
technology mix, heavy fuel oil driven, cargo, Average, DE 

Transporting capacity 97.08 
*** tkm Truck (EN15804 A4), production mix, at plant, technology 

mix, DE 

Electricity 4.43 kW
h 

Electricity grid mix 1 kV–60 kV, consumption mix, to 
consumer, AC, technology mix, 1kV - 60kV, DE 

Light fuel oil 0.21 kg Light fuel oil at refinery (EN15804 B6), production mix, at 
refinery, from crude oil, 0.1 wt.% sulphur, DE 

Diesel 0.07 kg 
Diesel mix at filling station, consumption mix, at filling 
station, from crude oil and bio components, 8.37 wt.% bio 
components, DE 

Calculations of the transport: * Rail: 1,9 % of the aggregate, 8.9 % of the cement 0.019 ∙ 1.808 𝑒𝑒 ∙
39 𝑘𝑘𝑚𝑚 + 0.089 ∙ 0.356 𝑒𝑒 ∙ 106 𝑘𝑘𝑚𝑚 = 4.70 𝑒𝑒𝑘𝑘𝑚𝑚;  ** Ship: 10.1 % of the aggregate, 11.2 % of the cement 
0.101 ∙ 1.808 𝑒𝑒 ∙ 39 𝑘𝑘𝑚𝑚 + 0.112 ∙ 0.356 𝑒𝑒 ∙ 106 𝑘𝑘𝑚𝑚 = 11.35 𝑒𝑒𝑘𝑘𝑚𝑚;  *** ruck: Rest 0.88 ∙ 1.808 𝑒𝑒 ∙ 39 𝑘𝑘𝑚𝑚 +
0.799 ∙ 0.356 𝑒𝑒 ∙ 106 𝑘𝑘𝑚𝑚 + 0.047 𝑒𝑒 ∙ 100 𝑘𝑘𝑚𝑚 + 0.0018 𝑒𝑒 ∙ 100 𝑘𝑘𝑚𝑚 = 97.08 𝑒𝑒𝑘𝑘𝑚𝑚. 

Table 3.A5. Life cycle inventory of 1 m3 of precast concrete C50/60 using GaBi construction 
materials database for A1–A3 life cycle stages. 

Flow Quantity Unit Process 

Cement (CEM II/A) 405.00 kg Cement (CEM II/A) (EN15804 A1–A3), production mix, at 
plant, technology mix, CEM II/A, DE 

Gravel (2/32) 1198.00 kg Gravel grain 2–32 mm, production mix, at plant, technology 
mix, dried, DE 

Plasticizer 4.60 kg 

Concrete admixtures Plasticizer and superplasticizer - 
Deutsche Bauchemie e.V. (DBC) (A1–A3), production mix, 
association/model EPD, valid for Germany, technology mix, 
1 kg; density: 1–1.6 kg/l DE 

Sand (0/2) 654.00 kg Sand grain 0–2 mm (dried) (EN15804 A1–A3), production 
mix, at plant, technology mix, grain size 0–2 mm, DE 

Water 141.00 kg - 

Transporting capacity 5.19 * tkm Transportation by rail (EN15804 A4), production mix, at 
plant, technology mix, DE 

Transporting capacity 12.10 ** tkm Container ship (EN15804 A4), production mix, at plant, 
technology mix, heavy fuel oil driven, cargo, Average, DE 
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Transporting capacity 100.82 
*** tkm Truck (EN15804 A4), production mix, at plant, technology 

mix, DE 

Electricity 16.85 MJ Electricity grid mix 1 kV–60 kV, consumption mix, to 
consumer, AC, technology mix, 1 kV–60 kV, DE 

Light fuel oil 2.73 kg Light fuel oil at refinery (EN15804 B6), production mix, at 
refinery, from crude oil, 0.1 wt.% sulphur, DE 

Diesel 0.07 kg 
Diesel mix at filling station, consumption mix, at filling 
station, from crude oil and bio components, 8.37 wt.% bio 
components, DE 

Calculations of the transport: * Rail: 1.9% of the Aggregate, 8.9% of the cement 0.019 ∙ 1.852 𝑒𝑒 ∙ 39 𝑘𝑘𝑚𝑚 +
0.089 ∙ 0.405 𝑒𝑒 ∙ 106 𝑘𝑘𝑚𝑚 = 5.19 𝑒𝑒𝑘𝑘𝑚𝑚;  ** Ship: 10.1% of the aggregate, 11.2% of the cement 0.101 ∙
1.852 𝑒𝑒 ∙ 39 𝑘𝑘𝑚𝑚 + 0.112 ∙ 0.405 𝑒𝑒 ∙ 106 𝑘𝑘𝑚𝑚 = 12.10 𝑒𝑒𝑘𝑘𝑚𝑚;  *** Truck: Rest 0.88 ∙ 1.852 𝑒𝑒 ∙ 39 𝑘𝑘𝑚𝑚 + 0.799 ∙
0.405 𝑒𝑒 ∙ 106 𝑘𝑘𝑚𝑚 + 0.025 𝑒𝑒 ∙ 100 𝑘𝑘𝑚𝑚 + 0.0046 𝑒𝑒 ∙ 100 𝑘𝑘𝑚𝑚 = 100.82 𝑒𝑒𝑘𝑘𝑚𝑚. 

Life Cycle Inventory of Transport to Construction Site (A4 Life Cycle Stage) and 
Construction (A5 Life Cycle Stage) 
 
Table 3.A6. Life cycle inventory of the transportation (A4 life cycle stage) of C35/45 and M3Q 
using GaBi construction materials database. 

Flow Quantity Unit Process 
Transporting 
capacity 281.99 * tkm Truck (EN15804 A4), production mix, at plant, technology mix, DE 

Diesel 1.79 ** kg Diesel mix at filling station, consumption mix, at filling station,  
from crude oil and bio components, 8.37 wt.% bio components, DE 

*: 2 way * 0.5 utilization * 16.3 km * 17.3 t = 281.99 tkm. Transport quantity: 17.3 𝐶𝐶
2.4 𝐶𝐶/𝑚𝑚3 = 7.5 𝑚𝑚3; **: (0.48–

0.35) L/km∙0.845 kg/L∙16.3 km = 1.79 kg. 

Table 3.A7. Life cycle inventory of the transportation processes (A4 life cycle stage) of C50/60 
and M2Q using GaBi construction materials database 

Flow Quantity Unit Process 

Transporting capacity 4860.00 
* tkm Road train (EN15804 A4), production mix, at plant,  

technology mix, DE 
∗ : 2 𝑤𝑤𝑒𝑒𝑤𝑤 ∗  0.5 𝑢𝑢𝑒𝑒𝑖𝑖𝑢𝑢𝑖𝑖𝑢𝑢𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒𝑢𝑢 ∗  180 𝑘𝑘𝑚𝑚 ∙ 27 𝑒𝑒 = 4860.00 𝑒𝑒𝑘𝑘𝑚𝑚; Transport quantity: 27 𝐶𝐶

2.4 𝐶𝐶/𝑚𝑚3 = 11 𝑚𝑚3. 

 
 
 
 
Table 3.A8. Life cycle inventory of the construction processes (A5 life cycle stage) using GaBi 
construction materials database. 

Type of Concrete Flow Quantity Unit Process 

C35/45 Electricity 0.90 MJ Electricity grid mix 1 kV–60 kV, consumption mix, 
to consumer, AC, technology mix, 1 kV–60 kV, DE 

M3Q Diesel 0.33 kg 
Diesel mix at filling station, consumption mix, at 
filling station, from crude oil and bio components, 
8.37 wt.% bio components, DE 

C50/60 M2Q Electricity 19.20 MJ Electricity grid mix 1 kV–60 kV, consumption mix, 
to consumer, AC, technology mix, 1 kV–60 kV, DE 

 

Life Cycle Inventory of C1–C3 Life Cycle Stages 

Table 3.A9. Life cycle inventory of the demolishing processes (C1 life cycle stage) using GaBi 
construction materials database. 
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Type of 
Concrete Flow Quantity Unit Process 

CC 
Diesel 

0.51 
kg 

Diesel mix at filling station, consumption mix, at filling station, 
from crude oil and bio components, 8.37 wt.% bio components, 
DE UHPC 5.92 

 
Table 3.A10. Life cycle inventory of the construction waste transport (C2 life cycle stage) using 
GaBi construction materials database. 

Flow Quantity Unit Process 
Transporting 
capacity 810.00 * tkm Road train (EN15804 A4), production mix, at plant, technology mix, 

DE 
*: 2 way∙0.5 utilization∙30 km∙27 t = 810.00 tkm; Transport quantity: (27 t)/(2.2 t/m3) = 12 m3. 

Table 3.A11. Life cycle inventory of the construction waste treatment (C3 life cycle stage) using 
GaBi construction materials database. 

Type of 
Concrete Flow Quantity Unit Process 

CC Electricity 18.26 MJ Electricity grid mix 1 kV-60 kV, consumption mix, to 
consumer, AC, technology mix, 1 kV–60 kV, DE UHPC 21.21 

CC 
Diesel 

0.76 
kg 

Diesel mix at filling station, consumption mix, at filling 
station, from crude oil and bio components, 8.37 wt.% bio 
components, DE UHPC 0.87 

 

Life Cycle Inventory of the Sensitivity Analysis 

For the sensitivity analysis, cement type is changed for all mixtures of UHPC and CC, in addition 
to changing type of production process of steel fibers for UHPC mixture. 

Table 3.A12. Processes descriptions of the cement type CEM III/A and steel electric production. 

Material Process Database 

CEM III/A Cement (CEM III A) (EN15804 A1–A3),  
production mix, at plant, technology mix, CEM III A 

GaBi construction  
material database 

steel (electric production) steel production, electric, low-alloyed, cut-off, U Ecoinvent 3.1 database 

Life Cycle Inventory of The Case Study 

Life Cycle Inventory for A1–A3 Life Cycle Stages 

Table A13. Life cycle inventory of A1–A3 of the CC bridge design, using GaBi construction 
material database. 

Material Quantity Unit Process 

Bitumen 169.54 kg Bitumen at refinery, production mix, at refinery, from crude 
oil, DE 

Bitumen sheets 3064.36 kg Bitumen sheets PYE-PV 200 S5 (not slated) (EN15804 A1–
A3), production mix, at plant, technology mix, 5,2 kg/m2, DE 

Bitumen sheets 30.42 kg Bitumen sheet v 60 (EN15804 A1–A3), production mix, at 
plant, technology mix, 5 kg/m2, DE 

Quartz sand (0/2) 843.00 kg Silica sand (Excavation and processing), production mix, at 
plant, technology mix, sand, diameter < 2 mm, DE 

C25/30, A1–A3 59.00 m3 C25/30, A1–A3 
C35/45, A1–A3 159.00 m3 C35/45, A1–A3 
C50/60, A1–A3 142.00 m3 C50/60, A1–A3 

Epoxy resin 562.00 kg Epoxy Resin (EP) Mix, consumption mix, to consumer, from  
Bisphenol A and epichlorohydrin, approx. 1.15 g/cm3, DE 
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Melted asphalt, 
integrated 56.45 t Mastic asphalt (EN15804 A1–A3), production mix, at plant,  

technology mix, 2400 kg/m3, DE 

Split (2/15) 1950.00 kg Crushed stone grain 2–15 mm (EN15804 A1–A3), production 
mix, at plant, technology mix, dried, DE 

Steel wire 68.00 t Reinforced steel (wire) (EN15804 A1–A3), production mix,  
at plant, EAF route, wire, DE 

 
Table A14. Life cycle inventory of A1–A3 of the UHPC bridge design using GaBi construction 
material database. 
Material Quantity Unit Process 

Bitumen 96.58 kg Bitumen at refinery, production mix, at refinery, from crude 
oil, DE 

C35/45, A1–A3 25.00 m3 C35/45, A1–A3 
C50/60, A1–A3 180.00 m3 C50/60, A1–A3 

Crushed sand (0/2) 900.00 kg 
Limestone, crushed stone fines (Grain size 0/4) (EN15804 
A1–A3), production mix, at plant, technology mix, grain 
size 0/4, DE 

Epoxy resin 1.24 t 
Epoxy Resin (EP) Mix, consumption mix, to consumer, 
from Bisphenol A and epichlorohydrin, approx. 1.15 g/cm3, 
DE 

Melted asphalt,  
integrated 1.73 t Mastic asphalt (EN15804 A1–A3), production mix, at plant, 

technology mix, 2400 kg/m3, DE 

Sikaflex-651 S LVP 122.85 kg PUR sealing compound (EN15804 A1–A3), production 
mix, at plant, technology mix, PUR, DE 

Steel wire 61.90 t Reinforced steel (wire) (EN15804 A1–A3), production mix, 
at plant, EAF route, wire, DE 

Stone mastic asphalt 28.80 t Stone mastic asphalt SMA (EN15804 A1–A3), production 
mix, at plant, technology mix, SMA, DE 

UHPC M2Q,  
A1–A3, ready-mix 
concrete 

1.10 m3 UHPC M2Q, A1–A3, Transport 

UHPC M2Q, A1–
A3 33.00 m3 UHPC M2Q, A1–A3 

UHPC M3Q+,  
A1–A3 27.50 m3 UHPC M3Q+, A1–A3 

Micro steel fibers 11.83 * t See input data for production of 1 kg steel fibers 
Process of steel fibers calculated separately with ecoinvent database and results added 
afterwards. * 192 𝑘𝑘𝐴𝐴 𝑚𝑚𝐶𝐶𝐶𝐶𝐶𝐶𝑚𝑚 𝑜𝑜𝑖𝑖𝑐𝑐𝐶𝐶𝐶𝐶𝑚𝑚

𝑚𝑚3𝑈𝑈𝐺𝐺𝑈𝑈𝐶𝐶
∙ (33.00 + 27.50 + 1.1) 𝑚𝑚3 = 11827.2 𝑘𝑘𝑘𝑘 = 11.83 𝑒𝑒. 

Life Cycle Inventory of A4 LIFE CYCLE STAGE 

Table A15. Transport details of CC bridge design. 

Material Quantity 
Means of 
Transpor
t 

Trips Utilizatio
n Distance Payloa

d Transport Capacity 
(Quantity) (%) (km) (t) 

C35/45 159.00 
m3 Truck 42 50 16.3 17.3 5978.19 tkm + 39.38 

kg Diesel 2 10 16.3 17.3 

C50/60 142.00 
m3 

Road 
Train 20 50 180 34.08 * 61,344.00 tkm 

C25/30 59.00 m3 Truck 16 50 16.3 17.3 2255.92 tkm + 14.32 
kg Diesel 

Epoxy 
resin 0.56 t Van 2 6 30 5 18.00 tkm 

Quartz 
sand 0.84 t Small 

Truck 2 5 30 9.3 27.90 tkm 
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Bitumino
us 
sheeting 

3.09 t Van 2 30 30 5 90.00 tkm 

Mastic  
asphalt 56.45 t Road 

Train 4 50 30 27 
1620.00 tkm + 6.10 
kg Diesel + 2.65 kg 
heating oil 

Joint  
sealant 0.17 t Van 2 2 30 5 5.10 tkm 

Spreading 
material 1.95 t Small 

Truck 2 10 30 9.3 55.80 tkm 

Steel 68.00 t Road 
Train 

4 50 150 27 10125 tkm 2 25 150 27 
* 142.00 𝑚𝑚3 ∙ 2.4 𝑒𝑒 𝑚𝑚3 = 34.08 𝑒𝑒⁄ . 

Table A16. Life cycle inventory of the transport of CC bridge design, using GaBi database. 
Medium Quantity Unit Delivery Process 

Diesel 59.80 kg Diesel mix at filling station, consumption mix, at filling station, from 
crude oil and bio components, 8.37 wt.% bio components, DE 

Light fuel oil 2.65 kg Light fuel oil at refinery (EN15804 B6), production mix, at refinery, 
from crude oil, 0.1 wt.% sulphur, DE 

Transporting 
capacity 113.10 tkm Delivery van (EN15804 A4), production mix, at plant, technology mix, 

diesel driven, cargo, DE 
Transporting 
capacity 83.70 tkm Small truck (EN15804 A4), production mix, at plant, technology mix, 

DE 
Transporting 
capacity 8234.11 tkm Truck (EN15804 A4), production mix, at plant, technology mix, DE 

Transporting 
capacity 

73,089.0
0 tkm Road train (EN15804 A4), production mix, at plant, technology mix, 

DE 
 
Table A17. Transport details of UHPC bridge design. 

Material Quantity Transport 
Medium 

Rides Workload Distance Payload Transport 
Capacity (Quantity) (%) (km) (t) 

C35/45 25.00 m3 Truck 
6 50 16.3 17.3 930.57 tkm + 

7.16 kg 
Diesel 2 15 16.3 17.3 

C50/60 180.00 
m3 

Road 
Train 20 50 180 43.2 * 77,760.00 

tkm 

M3Q+ 27.50 m3 Truck 
6 50 16.3 17.3 1015.16 tkm 

+ 7.16 kg 
Diesel 2 30 16.3 17.3 

M2Q 
1.1 m3 Truck 2 10 16.3 17.3 56.40 tkm + 

1.79 kg diesel 

33.00 m3 Road 
Train 6 50 180 27 14,580.00 

tkm 
Polyurethane 
cement 0.12 t Van 2 1 30 5 3.00 tkm 

Mastic 
asphalt 1.73 t Small 

Truck 2 10 30 9.3 

55.80 tkm + 
3.04 kg diesel 
+ 1.33 kg 
heating oil 

Sma 28.80 Road 
Train 2 50 30 27 810.00 tkm 

Joint sealant 0.10 t Van 2 1 30 5 3.00 tkm 
Spreading 
material 0.90 t Small 

Truck 2 5 30 9.3 27.90 tkm 

Epoxy resin 1.86 t Van 2 19 30 5 57.00 tkm 

Steel 61.90 t Road 
Train 

4 50 150 27 9315 tkm 2 15 150 27 
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* 180.00 𝑚𝑚3 ∙ 2.4 𝑒𝑒 𝑚𝑚3 = 43.2 𝑒𝑒⁄ . 

Table A18. Life cycle inventory of the transport of UHPC bridge design using GaBi constructin 
material database. 

Medium Quantity Unit Delivery Process 

Diesel 19.15 kg Diesel mix at filling station, consumption mix, at filling station, from 
crude oil and bio components, 8.37 wt.% bio components, DE 

Light fuel oil 1.33 kg Light fuel oil at refinery (EN15804 B6), production mix, at refinery, 
from crude oil, 0.1 wt.% sulphur, DE 

Transporting 
capacity 63.00 tkm Delivery van (EN15804 A4), production mix, at plant, technology 

mix, diesel driven, cargo, DE 
Transporting 
capacity 83.70 tkm Small truck (EN15804 A4), production mix, at plant, technology mix, 

DE 
Transporting 
capacity 2002.13 tkm Truck (EN15804 A4), production mix, at plant, technology mix, DE 

Transporting 
capacity 102,465.00 tkm Road train (EN15804 A4), production mix, at plant, technology mix, 

DE 
 

Life Cycle Inventory of A5 Life Cycle Stage 

Table A19. Calculation of the required fuels for the installation of the components, CC bridge 
design 

Component Construction Machine Spec.  
Consumption Quantity Needs Energy  

Carriers 

Sealing layer Surface welding  
installation device 0.33 kg/m2 612.70 m2 202.19 kg Propane 

Cross member Truck concrete pump 0.39 L/m3 159.00 m3 61.85 L Diesel 
Internal vibrator 0.9 MJ/m3 143.10 MJ Electricity 

Side member Crane 19.2 MJ/m3 142.00 m3 2726.40 
MJ Electricity 

Topping 

Cooker 8.00 L/h 
0.40 h  

3.20 L Diesel 
3.50 L/h 1.40 L Fuel oil 

Plank 5.00 L/h 2.00 L Diesel 
Potting stove 0.60 kg/h 7.70 h  4.62 kg Propane 
Rubber wheeled roller 8.00 L/h 0.09 h  0.72 L Diesel 
Smooth roller 8.00 L/h 0.11 h  0.88 L Diesel 

Road caps Truck concrete pump 0.39 L/m3 59.00 m3 22.95 L Diesel 
Internal vibrator 0.9 MJ/m3 53.10 MJ Electricity 

Steel Crane 8 MJ/t 68.00 t 544.00 MJ Electricity 
 
Table A20. Life cycle inventory of A5 life cycle stage of the CC bridge design, using GaBi 
construction materials database. 

Medium Quantity Unit Delivery Process 

Diesel 77.40 kg Diesel mix at filling station, consumption mix, at filling station, from 
crude oil and bio components, 8.37 wt.% bio components, DE 

Electricity 3466.60 MJ Electricity grid mix 1 kV–60 kV, consumption mix, to consumer, AC, 
technology mix, 1 kV–60 kV, DE 

Light fuel oil 1.18 kg Light fuel oil at refinery (EN15804 B6), production mix, at refinery, 
from crude oil, 0.1 wt.% sulphur, DE 

Liquefied  
petroleum gas 206.81 kg Liquefied Petroleum Gas (LPG) (EN15804 B6), production mix, at 

refinery, Mix of 70% propane and 30% butane, DE 
 
Table A21. Calculation of the required fuels for the installation of the components, UHPC bridge 
design. 

Component Construction  
Machine 

Specific  
Consumption Quantity Need Energy Carriers 
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Cross member Truck concrete pump 0.39 l/m3 25.00 m3 9.73 l Diesel 
Internal vibrator 0.9 MJ/m3 22.50 MJ Electricity 

Side member 
Crane 19.2 MJ/m3 180.00 m3 3456.00 MJ Electricity 
Truck concrete pump 0.39 l/m3 27.50 m3 10.70 l Diesel 
Internal vibrator 0.9 MJ/m3 24.75 MJ Electricity 

Concrete Joints Truck concrete pump 0.39 l/m3 1.1 m3 0.43 l Diesel 
Internal vibrator 0.9 MJ/m3 0.99 MJ Electricity 

Topping 

Cooker 8.00 l/h 0.33 h 2.64 L Diesel 
3.50 l/h 1.16 l Heating oil 

Finisher 8.5 l/h 0.18 h 1.53 l Diesel 
Potting stove 0.6 kg/h 4.40 h 2.64 kg Propane 
Roller 6.00 l/h 0.18 h 1.08 l Diesel 

Steel Crane 8 MJ/t 61.90 t 495.20 MJ Electricity 
 
Table A22. Life cycle inventory of A5 life cycle stage of the UHPC bridge design, using GaBi 
construction materials database 
Medium Quantity Unit Delivery Process 

Diesel 22.05 kg Diesel mix at filling station, consumption mix, at filling station, from 
crude oil and bio components, 8.37 wt.% bio components, DE 

Electricity 4633.04 MJ Electricity grid mix 1 kV–60 kV, consumption mix, to consumer, AC, 
technology mix, 1 kV–60 kV, DE 

Light fuel 
oil 0.97 kg Light fuel oil at refinery (EN15804 B6), production mix, at refinery, 

from crude oil, 0.1 wt.% sulphur, DE 
Liquefied  
petroleum 
gas 

2.64 kg Liquefied Petroleum Gas (LPG) (EN15804 B6), production mix, at 
refinery, Mix of 70% propane and 30% butane, DE 

 

Life Cycle Inventory for B Life Cycle Stage 

Table A23. Calculation of the required fuels for the replacement of the lining and sealing, B4 life 
cycle stage, CC bridge design. 

Task Construction 
Machine 

Specific  
Consumption Quantity Need Energy Carriers 

Removal 
Milling machine 2.54 l/m3 23.67 m3 60.12 l Diesel 
Excavator with 
peeling device 

0.2 l/m2 612.70 
m2 

122.54 l Diesel 
0.13 l/m2 79.65 l Propane 

Editing Treatment facility 
13.00 MJ/t 

63.06 t 

819.78 
MJ Diesel 

10.00 MJ/t 630.60 
MJ Electricity 

Renewal 

Surface welding 
installation  
device 

0.33 612.70 202.19 
kg Propane 

Cooker + plank 13.00 0.40 5.20 l Diesel 
Cooker 3.50 0.40 1.40 l Heating oil 
Potting stove 0.60 7.70 4.62 kg Propane 
Rubber wheeled 
roller 8.00 0.09 0.72 l Diesel 

Smooth roller 8.00 0.11 0.88 l Diesel 
 
Table A24. Calculation of the required transports when replacing the pavement and sealing, B4 
life cycle stage, CC bridge design. 

Material Quantity Means of 
Transport 

Rides Workload Distance Payload Transport  
Capacity (Quantity) (%) (km) (t) 

Outward transport 
63.06 t 4 50 30 27 
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Covering + 
sealing 

Road 
Train 2 15 30 27 1863.00 t 

km 
Delivery transport 
Epoxy resin 0.56 t Van 2 6 30 5 18.00 t km 

Quartz sand 0.84 t Small 
Truck 2 5 30 9.3 27.90 t km 

Bituminous 
sheeting 3.09 t Van 2 30 30 5 90.00 t km 

Mastic asphalt 56.45 t Road 
Train 4 50 30 27 

1620.00 t 
km + 6.10 
kg Diesel + 
2.65 kg 
heating oil 

Joint sealant 0.17 t Van 2 2 30 5 5.10 t km 
Spreading 
material 1.95 t Small 

Truck 2 10 30 9.3 55.80 t km 

 
Table A25. Life cycle inventory of B4 life cycle stage of the CC bridge design using GaBi 
construction materials database. 

Material Quantity Unit Delivery Process 

Bitumen 169.54 kg Bitumen at refinery, production mix, at refinery, from crude oil, 
DE 

Bitumen sheets 3064.36 kg Bitumen sheets PYE-PV 200 S5 (not slated) (EN15804 A1–A3), 
production mix, at plant, technology mix, 5.2 kg/m2, DE 

Bitumen sheets 30.42 kg Bitumen sheet v 60 (EN15804 A1–A3), production mix, at 
plant, technology mix, 5 kg/m2, DE 

Epoxy resin 562.00 kg Epoxy Resin (EP) Mix, consumption mix, to consumer, from 
Bisphenol A and epichlorohydrin, approx. 1.15 g/cm3, DE 

Quartz sand (0/2) 843.00 kg Silica sand (Excavation and processing), production mix, at 
plant, technology mix, sand, diameter < 2 mm, DE 

Diesel 188.52 kg 
Diesel mix at filling station, consumption mix, at filling station, 
from crude oil and bio components, 8.37 wt.% bio components, 
DE 

Electricity 630.60 MJ Electricity grid mix 1 kV–60 kV, consumption mix, to 
consumer, AC, technology mix, 1 kV–60 kV, DE 

Light fuel oil 5.16 kg Light fuel oil at refinery (EN15804 B6), production mix, at 
refinery, from crude oil, 0.1 wt.% sulphur, DE 

Liquefied  
petroleum gas 206.97 kg Liquefied Petroleum Gas (LPG) (EN15804 B6), production 

mix, at refinery, Mix of 70% propane and 30% butane, DE 

Melted asphalt 56.45 t Mastic asphalt (EN15804 A1–A3), production mix, at plant, 
technology mix, 2400 kg/m3, DE 

Split (2/15) 1950.00 kg Crushed stone grain 2–15 mm (EN15804 A1–A3), production 
mix, at plant, technology mix, dried, DE 

Transporting  
capacity 113.10 tkm Delivery van (EN15804 A4), production mix, at plant, 

technology mix, diesel driven, cargo, DE 
Transporting  
capacity 83.70 tkm Small truck (EN15804 A4), production mix, at plant, technology 

mix, DE 
Transporting  
capacity 3483.00 tkm Road train (EN15804 A4), production mix, at plant, technology 

mix, DE 
 
Table A26. Calculation of the required fuels when replacing the caps and parts of the concrete 
surface, module B4, CC bridge design 

Task Construction Machine Specific 
Consumption Quantity Needs Energy 

Carriers 

Removal 

Hydraulic hammer, 
steel cutting + loading 17.60 l/m3 59.00 m3 1038.40 l Diesel 

Pneumatic hammer 0.43 l/m2 108.18 m2  46.52  Diesel 
Sandblasting 0.48 l/m2 51.93 l Diesel 
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Editing 

Dredgers 0.30 l/m3 

63.33 m3 

19.00 l Diesel 
Wheel loader 0.60 l/m3 38.00 l Diesel 

Treatment facility 18.26 MJ/m3 1156.35 
MJ Electricity 

Treatment facility 13.00 MJ/t 8.00 t 104.00 MJ Diesel 
10.00 MJ/t 80.00 MJ Electricity 

Renew 

Truck concrete pump 0.39 l/m3 
59.00 m3 

22.95 l Diesel 
Internal vibrator 0.90 MJ/m3 53.10 MJ Electricity 
Shotcrete 0.40 l/m2 43.27 l Diesel 
Crane 8.00 MJ/t 8.00 t 64.00 MJ Electricity 

 
Table A27. Calculation of the required transports when replacing the caps and parts of the 
concrete surface, module B4, CC bridge design 

Material Quantity Means of 
Transport 

Rides Workload Distance Payload Transport  
Capacity (Quantity) (%) (km) (t) 

Outward transport 
Concrete 
fracture 152 t Road 

Train 
10 50 30 27 4536.00 tkm 2 30 30 27 

Steel 8.00 t Small 
Truck 2 43 150.00 9.30 1199.70 tkm 

Delivery transport 

C25/30 59.00 m3 Truck 16 50 16.30 17.30 
2255.92 tkm 
+ 14.32 kg 
Diesel 

Steel 8.00 t Small 
Truck 2 43 150.00 9.30 1199.70 tkm 

Shotcrete 4.33 m3 Truck 2 30 16.30 17.30 169.19 + 1.79 
kg Diesel 

 
Table A28. Life cycle inventory for B4 life cycle stage of the CC bridge design using GaBi 
construction materials database 

Material Quantity Unit Delivery Process 
C25/30, A1–
A3 59.00 m3 C25/30. A1-A3 

C35/45, A1–
A3 4.33 m3 C35/45, A1-A3 

Steel wire 8.00 t Reinforced steel (wire) (EN15804 A1–A3), production mix, at 
plant, EAF route, wire, DE 

Diesel 1083.31 kg 
Diesel mix at filling station, consumption mix, at filling station, 
from crude oil and bio components, 8.37 wt.% bio components, 
DE 

Electricity 1353.45 MJ Electricity grid mix 1 kV–60 kV, consumption mix, to 
consumer, AC, technology mix, 1 kV–60 kV, DE 

Transporting  
capacity 2425.11 tkm Truck (EN15804 A4), production mix, at plant, technology mix, 

DE 
Transporting  
capacity 4536.00 tkm Road train (EN15804 A4), production mix, at plant, technology 

mix, DE 
Transporting  
capacity 2399.40 tkm Small truck (EN15804 A4), production mix, at plant, 

technology mix, DE 
 
Table A29. Calculation of the required fuels when replacing the pavement, module B4, UHPC 
bridge design. 

Task Construction Machine Specific Consumption Quantity Needs Energy Carrier 
Removal Milling machine 2.54 L/m3 12.81 m3 32.54 L Diesel 

Editing Treatment facility 13.00 MJ/t 31.52 t 409.76 MJ Diesel 
10.00 MJ/t 315.20 MJ Electricity 

Renew Cooker 8.00 L/h 0.33 h 2.64 L Diesel 
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3.50 L/h 1.16 L Heating oil 
Finisher 8.50 L/h 0.18 h 1.53 L Diesel 
Potting stove 0.60 kg/h 4.40 h 2.64 kg Propane 
Roller 6.00 L/h 0.18 h 1.08 l Diesel 

 
Table A30. Calculation of the required transports when replacing the surface, module B4, UHPC 
bridge design 

Material Quantity Mean of  
Transportation 

Rides Workload Distance Payload Transport  
Capacity (Quantity) (%) (km) (t) 

Outward transport 

Topping 31.52 t Road Train 2 50 30 27 972.00 tkm 2 10 30 27 
Delivery transport 

Mastic  
asphalt 1.73 t Small Truck 2 10 30 9,3 

55.80 tkm + 
3.04 kg 
Diesel + 
1.33 kg 
heating oil 

SMA 28.80 t Road Train 2 50 30 27 810.00 tkm 
Joint 
sealant 0.10 t Van 2 1 30 5 3.00 tkm 

Spreading 
material 0.90 t Small Truck 2 5 30 27.90 27.90 tkm 

 
Table A31. Life cycle inventory of B4 life cycle stage of the UHPC bridge design using GaBi 
construction materials database 

Material Quantity Unit Delivery Proces 

Bitumen 96.58 kg Bitumen at refinery, production mix, at refinery, from 
crude oil, DE 

Crushed sand (0/2) 900.00 kg 
Limestone, crushed stone fines (Grain size 0/4) 
(EN15804 A1–A3), production mix, at plant, 
technology mix, grain size 0/4, DE 

Diesel 44.61 kg 
Diesel mix at filling station, consumption mix, at filling 
station, from crude oil and bio components, 8.37 wt.% 
bio components, DE 

Electricity 315.20 MJ Electricity grid mix 1 kV–60 kV, consumption mix, to 
consumer, AC, technology mix, 1 kV–60 kV, DE 

Light fuel oil 2.3 kg Light fuel oil at refinery (EN15804 B6), production 
mix, at refinery, from crude oil, 0.1 wt.% sulphur, DE 

Liquefied petroleum 
gas 2.64 kg 

Liquefied Petroleum Gas (LPG) (EN15804 B6), 
production mix, at refinery, Mix of 70% propane and 
30% butane,DE 

Melted asphalt,  
integrated 1728.00 kg Mastic asphalt (EN15804 A1–A3), production mix, at 

plant, technology mix, 2400 kg/m3,DE 

Stone mastic asphalt 28.80 t Stone mastic asphalt SMA (EN15804 A1–A3), 
production mix, at plant, technology mix, SMA,DE 

Transporting capacity 3.00 tkm Delivery van (EN15804 A4), production mix, at plant, 
technology mix, diesel driven, cargo, DE 

Transporting capacity 83.70 tkm Small truck (EN15804 A4), production mix, at plant, 
technology mix, DE 

Transporting capacity 1782.00 tkm Road train (EN15804 A4), production mix, at plant, 
technology mix, DE 
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Life Cycle Inventory for C1–C3 Life Cycle Stages 

Table A32. Calculation of the required fuels for the demolition of the structure, module C1–C3, 
CC bridge design. 

Measure Construction Machine Spec.  
Consumption Quantity Needs Energy Carrier 

Discontinuance 

Milling machine 2.54 l/m3 23.67 m3 60.12 l Diesel 
Excavator with 
peeling device 

0.2 l/m2 612.70 
m2 

122.54 l Diesel 
0.13 l/m2 79.65 l Propane 

Demolition machines 17.60 l/m3 360.00 
m3 6336.00 l Diesel 

Editing 

Treatment facility 
13.00 MJ/t 

131.06 t 

1703.78 
MJ Diesel 

10.00 MJ/t 1310.60 
MJ Electricity 

Dredgers 0.30 l/m3 
360.00 
m3 

108.00 l Diesel 
Wheel loader 0.60 l/m3 216.00 l Diesel 
Concrete preparation 
plant 18.26 MJ/m3 6573.60 

MJ Electricity 

Table A33. Calculation of the required transports when demolishing the structure, module C2, 
CC bridge design. 

Material Quantity Mean of  
Transportation 

Rides Workload Distance Payload Transport  
Capacity (Quantity) (%) (km) (t) 

Covering 
+ sealing 63.06 t Road Train 4 50 30 27 1863.00 

tkm 2 15 30 27 
Concrete 
fracture 864.00 t Road Train 64 50 30 27 25920.00 

tkm 

Steel 68.00 t Road Train 4 50 30 27 2025.00 
tkm 2 25 30 27 

 
Table A34. Life cycle processes for modules C1–C3 of the CC bridge design using GaBi 
construction materials database. 

Medium Quantity Einheit Delivery Process 

Diesel 5822.14 kg 
Diesel mix at filling station, consumption mix, at filling station, 
from crude oil and bio components, 8.37 wt.% bio components, 
DE 

Electricity 7884.20 MJ Electricity grid mix 1 kV–60 kV, consumption mix, to consumer, 
AC, technology mix, 1 kV–60 kV, DE 

Liquefied  
petroleum gas 0.16 kg Liquefied Petroleum Gas (LPG) (EN15804 B6), production mix, 

at refinery, Mix of 70% propane and 30% butane, DE 
Transporting 
capacity 29,808.00 tkm Road train (EN15804 A4), production mix, at plant, technology 

mix, DE 
 
Table A35. Calculation of the required fuels when demolishing the structure, module C1-C3, 
UHPC bridge design. 

Construction Machine Specific 
Consumption Quantity Need Energy Carrier 

Milling machine 2.54 l/m3 12.81 m3 32.54 l Diesel 

Demolition machines 17.60 l/m3 205.00 m3 3608.00 l Diesel 
35.20 l/m3 61.60 m3 2168.32 l Diesel 

Treatment facility 13.00 MJ/t 93.42 t 1214.46 MJ Diesel 
10.00 MJ/t 934.20 MJ Electricity 

Excavator, NC 0.30 l/m3 
205.00 m3 

61.50 l Diesel 
Wheel loader, NC 0.60lL/m3 123.00 l Diesel 
Concrete preparation plant NC 18.26 MJ/m3 3743.30 MJ Electricity 
Excavator, UHPC 0.43 l/m3 61.60 m3 26.49 l Diesel 
Wheel loader, UHPC 0.60 l/m3 36.96 l Diesel 
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Concrete preparation plant 
UHPC 21.21 MJ/m3 1306.54 MJ Electricity 

 
Table A36. Calculation of the required transports when demolishing the structure, module C2, 
UHPC bridge design. 

Material Quantity 
Mean of  
Transportatio
n 

Rides 
Wor
kloa
d 

Distance Payload Transport  
Capacity (Quant

ity) (%) (km) (t) 

Surface 31.52 t Road Train 2 50 30 27 972.00 tkm 2 10 30 27 
CC Concrete  
demolishing 492.00 t Road Train 36 50 30 27 14,742.00 

tkm 2 10 30 27 

UHPC 148.00 t Road Train 10 50 30 27 4455.00 tkm 2 25 30 27 
Concrete  
demolishing 61.90 t Road Train 4 50 30 27 1863.00 tkm 2 15 30 27 

Table A37. Life cycle inventory of C1–C3 life cycle stage of the UHPC bridge design using GaBi 
construction materials database. 

Flow Quantity Unit Delivery Process 

Diesel 5146.58 kg 
Diesel mix at filling station, consumption mix, at filling station, 
from crude oil and bio components, 8.37 wt.% bio components, 
DE 

Electricity 5984.04 MJ Electricity grid mix 1 kV–60 kV, consumption mix, to consumer, 
AC, technology mix, 1 kV–60 kV, DE 

 

Appendix 5.A 
Table 5.A.1 Building materials details of the case study with quantities and Life Cycle 
Inventory (LCI) processes in GaBi Extension database XIV: Construction materials’, 
released 2019 (service pack 38) 

Building 
element 

Area of 
the 
element 
in the 
whole 
building 
(m²) 

Building  
material 

LCI process Unit Quantity 
per m² 
building 
element 

Total 
quantity in 
the whole 
building 

Foundation 167 Bitumen  Bitumen sheet v 60 (EN15804 
A1-A3), production mix, at 
plant, technology mix, 5 kg/m2 - 
DE 

kg 4.95 826.65 
 

Concrete 
C25/30  

Concrete C25/30 (A1-A3) - DE kg 600.00 100,200.00 
 

Concrete 
C12/15  

Concrete C12/15, production 
mix, at plant, technology mix, 
C12/15 - DE 

kg 150.00 25,050.00 
 

Crushed 
stone 

Crushed rock 16-32 mm 
(EN15804 A1-A3), production 
mix, at plant, technology mix, 
dried - DE 

kg 276.00 44,726.86 
 

Ground 
Floor 

166 Linoleum  Linoleum flooring, production 
mix, at producer, technology 
mix, 2.88 kg/m2 - EU-25 

kg 2.88 478.08 
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Cement 
screed 

Floor screed (cement), 
production mix, at plant, 
technology mix, cement - DE 

kg 80.00 13,280.00 
 

Expanded 
polystyrene  

Expanded Polystyrene (PS 30) 
(EN15804 A1-A3), production 
mix, at plant, technology mix, 
PS 30 - DE 

kg 3.60 597.60 
 

First and 
second 
floor 

332 Linoleum Linoleum flooring, production 
mix, at producer, technology 
mix, 2.88 kg/m2 - EU-25 

kg 2.88 956.16 
 

Sound 
insulation  

KRONOTEX sound wood fibre 
insulating material (A1-A3), 
single producer, at plant, dry 
process, 135 kg/m³; thickness 5 
mm - DE 

kg 0.67 224.10 
 

Floor  
screed 

Floor screed (cement), 
production mix, at plant, 
technology mix, cement - DE 

kg 80.00 26,560.00 
 

Concrete 
C20/25 

Concrete C20/25 (A1-A3) - DE kg 480.00 159,360.00 
 

Interior 
wall 

468 Interior 
paint 

Dispersion based interior wall 
paint, wet abrasion resistance 2, 
hiding power 2 - DBC/IVK/VdL 
(A1-A3), production mix, 
association / model EPD, valid 
for Germany, technology mix, 1 
kg; density 1.000 – 1.700 kg/m³ 

kg 0.39 182.52 

Gypsum 
interior 
plaster 

Gypsum interior plaster 
(EN15804 A1-A3), production 
mix, at plant, technology mix, 
1,000 kg/m3 - DE 

kg 30.00 14,040.00 
 

Brick 
unfilled  

Backing bricks, unfilled, 
Arbeitsgemeinschaft 
Mauerziegel AMZ (A1-A3), 
German Association data, 
average, tunnel furnace, 550 – 
2,000 kg/m³, bricks unfilled - 
DE (1200 kg/m³) 

kg 144.00 67,392.00 
 

Exterior 
wall 

431 Exterior 
paint 

Coating silicate emulsion 
(building, exterior, white) 
(EN15804 A1-A3), production 
mix, at plant, building, exterior, 
white, 1,25% organic solvents, 1 
kg 

kg 0.43 185.33 

Exterior 
cementitious 
plaster 

Lightweight cementitious 
plaster - IWM (A1-A3), 
production mix, at plant, 
technology mix, dry density 
700-1300 kg/m³ - DE 

kg 15.00 6,465.00 
 

Expanded 
polystyrene 

Expanded Polystyrene (PS 30) 
(EN15804 A1-A3), production 
mix, at plant, technology mix, 
PS 30 - DE 

kg 4.20 1,810.20 
 

Lightweight 
concrete 

Lightweight concrete element 
exterior wall (expanded clay, 
density class 1.0), production 

kg 250.00 107,750.00 
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mix, at plant, technology mix, 
expanded clay, exterior wall, 
density class 1.0, 955 kg/m3 - 
DE 

Gypsum 
interior 
plaster 

Gypsum interior plaster 
(EN15804 A1-A3), production 
mix, at plant, technology mix, 
1,000 kg/m3 - DE 

kg 15.00 6,465.00 
 

Interior 
paint 

Dispersion based interior wall 
paint, wet abrasion resistance 2, 
hiding power 2 - DBC/IVK/VdL 
(A1-A3), production mix, 
association / model EPD, valid 
for Germany, technology mix, 1 
kg; density 1.000 – 1.700 kg/m³ 

kg 0.39 168.09 

Ceiling 389 Acoustic 
panel, 
aluminium 

Acoustic panel, StoSilent panel 
aluminium 15mm - StoVerotec 
GmbH (A1-A3), single producer 
(through the company 
StoVerotec GmbH), P-SAC 
02/III-140 StoSilent top panel 
and top panel aluminium– 
Building material class B1, 
general appraisal certificate; 
M35 120/108 StoSilent top 
panel aluminium, 100 mm 
cavity, determination of sound 
absorption coefficient; M 35 
120/109 StoSilent top panel 
aluminium, 30 mm cavity, 
determination of sound 
absorption coefficient; M 35 
120/110 StoSilent top panel 
aluminium, 100 mm cavity 
determination of sound 
absorption coefficient, 
Thickness:15 mm, Density: 337 
kg/m³ - DE 

m² 1.00 389.00 
 

Flat roof 166 Crushed 
stone  

Crushed rock 16-32 mm 
(EN15804 A1-A3), production 
mix, at plant, technology mix, 
dried - DE 

kg 73.60 12,217.60 
 

Bitumen 
sheet 

Bitumen sheet v 60 (EN15804 
A1-A3), production mix, at 
plant, technology mix, 5 kg/m2 - 
DE 

kg 4.95 821.70 
 

Expanded 
polystyrene 

Expanded polystyrene (PS 30) 
(EN15804 A1-A3), production 
mix, at plant, technology mix, 
PS 30 - DE 

kg 6.00 996.00 
 

Damp 
insulation 

Damp insulation PA (EN15804 
A1-A3), production mix, at 
plant, technology mix, PA - DE 

kg 0.25 41.50 
 

Concrete 
C25/30  

Concrete C25/30 (A1-A3) - DE kg 480.00 79,680.00 
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Table 5.A.2 Life Cycle Inventory (LCI) processes of materials of exterior walls alternatives 
in the GaBi Extension database XIV: Construction materials’, released 2019 (service pack 
38) 

Material LCI process 
Expanded polystyrene 
(EPS) 

Expanded polystyrene (PS 30) (EN15804 A1-A3), production mix, at 
plant, technology mix, PS 30 – DE 

Exterior cementitious 
plaster 

Lightweight cementitious plaster - IWM (A1-A3), production mix, at 
plant, technology mix, dry density 700-1,300 kg/m³ - DE 

Gypsum interior plaster Gypsum interior plaster (EN15804 A1-A3), production mix, at plant, 
technology mix, 1000 kg/m3 - DE 

Lightweight concrete 
(LWC) 

Lightweight concrete element exterior wall (expanded clay, density class 
1.0), production mix, at plant, technology mix, expanded clay, exterior 
wall, density class 1.0, 955 kg/m3 - DE 

Mineral wool (MW) Rock mineral wool, DDP - Knauf Insulation (A1-A3), single producer 
(in factory Sankt Egidien), DIN EN 13162; CE-Identification; Z-23.15-
1,475 (DIBt); Z 1-071.0-01 (FIW); DIN 4108, 145 ± 10% kg/m³ - DE 

Polyurethane (PU) PU thermal insulation boards with mineral fleece facing (EN 15804 A1-
A3), single route, at plant, double belt process, density 31 kg/m3; 
thickness of foam 0.12 m; 5.06 kg/m² (incl. facing, packaging and 
installation cuttings) - EU-28 

Sand-lime brick (SLB) Sand-lime brick (EN15804 A1-A3), production mix, at plant, technology 
mix, sand-lime brick - DE 

Unfilled brick (UB) Backing bricks, unfilled, Arbeitsgemeinschaft Mauerziegel AMZ (A1-
A3), German Association data, average, tunnel furnace, 550 – 2,000 
kg/m³, bricks unfilled - DE 

 
Table 5.A.3: Quantification of building materials in SURAP and one click LCA 

   SURAP One click 
LCA 

Building 
Element  

Material  Unit Quantity Quantity 

Ceilings Acoustic panel, Aluminium  m² 388.47 388.47 
Floors Cement screed m³ 19.89 19.89 

Concrete C20/25 m³ 66.31 66.31  
Linoleum  m² 497.39 497.39 
Rigid insulation  m³ 19.89 19.89 
Sound insulation  m² 331.60 331.59 

Roof Bitumen sheet m² 165.69 165.69  
Concrete C25/30  m³ 33.13 33.13  
Crushed stone  m³ 6.62 6.62  
Damp insulation m² 165.69 165.69  
Rigid insulation m³ 33.13 33.13  

Structural 
foundations  
 

Bitumen sheet m² 166.84 166.84  
Concrete C25/30  m³ 41.71 41.71  
Concrete C12/15  m³ 16.68 16.68  
Crushed stone m³ 25.02 25.02  

Walls* 
(exterior) 

Cementitious plaster m³ 6.46 6.46 
Exterior paint m² 431.18 431.18  
Gypsum plaster* m³ 6.46 20.50* 
Interior paint m² 431.18 1366.82*  
Lightweight concrete element m³ 107.79 107.79 
Rigid insulation m³ 60.36 60.36  

Walls (interior) Brick unfilled  m³ 56.13 56.13  
Gypsum plaster m³ 14.03  
Interior paint m² 935.64  
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* Quantities of gypsum plaster interior paint are quantified for exterior and interior walls together in 
the Walls category in one click LCA. 
 

Table 5.A.4 Life Cycle Inventory (LCI) processes in oneclick LCA 
Building material LCI process 

Acoustic panel, 
aluminium  Aluminium cladding, for wall and ceiling, 4.6 kg/m2 (Metawell GmbH) 
Bitumen Bitumen sheets, 5.0 kg/m2 
Brick unfilled Bricks, 226x104x60, 226x85x60 mm, NF with holes & solid, RF 

(Wienerberger) 
Crushed stone Crushed stone (dried), 16-32 (dried); dried 
Damp insulation Damp insulation PA, 0.08 kg/m2 
Floor screed Floor screed mortar, cement screed, 1,500 kg/m3, EPD coverage: > 1,500 

kg/m3 (quickmix Gruppe GmbH & Co. KG) 
Gypsum interior plaster Gypsum interior plaster, gross density: 900.0 kg/m3 
Expanded polystyrene Insulation, EPS solid foam, for roofs and walls, L = 0.035 W/mK, 22.7 

kg/m3, Styropor®, W/D -035 (IVH) 
Interior paint Interior paint, 0,130 - 0,170 l/m2, SCHÖNER WOHNEN Latexweiss 

seidenglänzend (Flügger) 
Lightweight concrete 
block 

Lightweight concrete block, with expanded clay aggregate, generic, 650 
kg/m3 (40.6 lbs/ft3), 18 kg/block (39.7 lbs/block), 0.5x0.3x0.185 mm 
(0.019x0.012x0.007 in) 

Linoleum Linoleum, 3 kg/m2 
Exterior cementitious 
plaster 

Plaster mortar, lightweight plaster, 1,000 kg/m3, EPD coverage: 700 – 
13,00 kg/m3 (IWM)z - Technical Specification: 1,000 kg/m3, EPD 
coverage: 700 – 1,300 kg/m3, Manufacturer: IWM 

Concrete C25/30 Ready-mix concrete, C 25/30, Beton der Druckfestigkeitsklasse C 25/30 
(InformationsZentrum Beton GmbH) 

Concrete C20/25 Ready-mix concrete, C20/25, 2,400 kg/m3, 1.15-1.65W/(mK) 
(InformationsZentrum Beton GmbH) 

Concrete C12/15 Ready-mix concrete, low-strength, generic, C12/15 (1700/2200 PSI), 0% 
recycled binders in cement (220 kg/m3 / 13.73 lbs/ft3) 

Exterior paint Silicate Exterior Paints, 1.1-1.8 kg/l, 40-550 g/m2, Soldalit, Granital, 
Concretal-W, Concretal-Lasur, Design-Lasur, Restauro-Lasur, 
Unikristalat, Veramin (Verband der deutschen Lack- und 
Druckfarbenindustrie e. V.) 

Sound insulation Wood fibre insulation board, biogenic CO2 not substracted, L = 0.07 
W/mK, 135 kg/m3, 800x675 mm, KRONOTEX sound (Kronoply) 

Appendix 6 

The normalization methodology comprises the division of the footprint result for a design 

option in relation to the footprint reference value. The footprint reference value could be 

one of the followings (Benini et al., 2014; M. A.J. Huijbregts et al., 2003; Weiss et al., 

2007) : 

• Total footprint values of a specific country, a specific area, or the worldwide, in a 

reference year. It could be calculated per capita. 

• Footprint values of a reference scenario. 

• Target footprint values or distance to the targeted footprint values. 
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Each design option has aggregated normalized footprint value of the resource and 

climate footprint, which is a non-dimensional value and it could be compared with that 

of the other options. The decision-making process could be conducted for the results of 

the building elements according to Equation A6.1.  

 

𝑁𝑁𝐸𝐸𝐵𝐵𝐵𝐵 = ∑  𝐶𝐶𝐸𝐸𝑖𝑖𝑛𝑛
𝑖𝑖=1 /𝑁𝑁           A6.1 

 

NFBj = Normalized Footprint of the building element j for a specific design option 

FEi = Material, water, or climate footprint of a specific building element for the design 

option i (RMI in kg, TMR in kg, water in m³ of weighted water, and GWI in kg CO2 eq.). 

N = Reference footprint value. 

Regarding the decision-making process of the whole building, Equation A6.2 could 

be considered. 

𝑁𝑁𝐸𝐸𝐵𝐵𝐵𝐵 = ∑  𝐶𝐶𝐸𝐸𝑖𝑖𝑛𝑛
𝑖𝑖=1 /𝑁𝑁           A6.2 

 

NF = Normalized Footprint of the whole building for the design option i 

FB = Material, water, or climate Footprint the whole building per UFA (RMI in kg/UFA, 

TMR in kg/UFA, water in m³ of weighted water/UFA, and GWI in kg CO2 

equivalent/UFA). 

 

The German economy will be primarily considered; however, the results could be 

measured in relation to the global economy or another country using the same 

methodology. Reference footprint values in 2016 per capita of the German economy are: 

RMI 3.321  * 104, TMR 9.398 * 104 (Hoppe et al., 2017), water withdrawals 296.166 m³ 

(OECD, 2020; Statista, 2020a), and GWI 9.1 * 103 kg CO2 eq. (Statista, 2020b). As the 

TMR is not available for the year of 2016, its value is calculated depending on its relation 

to the RMI for the year of 2012 provided by Hoppe et al., 2017, which refers to that the 

TMR value equals 2.83 RMI value.  
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