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1. Executive summary 

The smart living lab is a national centre for technological innovation in the built environment, and is composed 
of members from the University of Fribourg (UNIFR), the School of Engineering and Architecture of Fribourg 
(HEIA-FR) and the Swiss Federal Institute of Technology in Lausanne (EPFL). One of the smart living ƭŀōΩǎ ǇǊƻƧŜŎǘǎ 
is the design and construction of its own building, which will be at the cutting edge of research and best practice 
on sustainability. Before construction starts on the smart living building, a preliminary research programme 
called smart living building research programme has been set up. Its objective is to define the scientific 
specifications to be used by the future designers and the way in which they will be integrated into the 
construction. Located in the blueFACTORY innovation quarter in Fribourg, the planned smart living building is a 
mixed-use building (residential, offices and experimental lab). The construction must correspond to the 
intermediate objectives of the vision of the 2000-Watt Society model by the middle of the 21st century (hereafter 
called the 2050 objectives). These objectives concern environmental impacts, as represented by three main 
indicators, namely the cumulative energy demand (CED), the non-renewable part of the CED (CEDnr), and the 
global warming potential (GWP). The first part of this report presents the scientific concept which will allow the 
smart living building to meet these objectives. The second part of the report relates to the transition of this 
concept to the experimental phase of the building design. 
 
The general definition of environmental impact targets is presented and discussed, and in particular for the case 
of the smart living building. Two kinds of targets are analysed. Achievement of the overall building target is 
compulsory in order to satisfy the 2050 objectives. Sub-targets are ǎŜǘ ŦƻǊ ǘƘŜ ōǳƛƭŘƛƴƎΩǎ components or systems. 
A suitable balance of these sub-targets helps the construction and the use of the building to reach a global 
performance level.  
 
Different populations of possible projects concerning the future smart living building are analysed from the 
perspective of environmental impacts. A first population of projects represents current best practice in building 
construction and operation. A second population consists of top-performing projects that anticipate possible 
future improvements, and a final population relates to projects that can achieve the 2050 objectives. An analysis 
of these three populations indicates how the balance of sub-impacts should evolve in the future in order to 
achieve the very challenging 2050 objectives. A recommendation of sub-targets for building components and 
systems is proposed. Present environmental impacts related to food and mobility and their 2050 targets are also 
set out. 
 
A global synthetic vision made up of groups of construction elements which form the vital organs of a building is 
suggested. These macro components simplify our understanding of the different mechanisms that ensure overall 
performance. They also allow for the establishment of a strategy enabling highly efficient use of the available 
resources. The vital organs that represent the major performance contributors of the building are the envelope, 
the energy supply and its storage, the technical systems, the users and their mobility. The scientific concept 
analyses each of these organs and proposes specific measures that should be undertaken for an efficient 
improvement in overall building performance.   
 
A sensitivity analysis based on the Morris method identifies the major contributors among the population 
representing current best practice in building construction and operation. It is noted that more than three 
quarters of the total energy required for the building, including both embodied energy and operational energy, 
was used for lighting, appliances and ventilation. Technical and architectural solutions to improve the global 
performance of the building among the vital organs have been proposed. 
 
Concerning the building envelope, three main components present key performance issues. They are related to 
the climate (insulation and inertia), to natural light (transparent surfaces) and to air quality. An improvement to 
the impacts concerning the external walls, and especially the careful choice of low-carbon materials, allows us 
to keep thermal transmittance at the desired level. At the same time, this could drastically reduce the embodied 
energy. Windows are also subject to an analysis. Compared with the glazing, the frames constitute the main 
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source of environmental impact, and this should be minimised. The integration in the façade of prefabricated 
modules with incorporated light shelves, a shading system and special movable panels facilitates natural 
ventilation and an optimisation of the natural lighting. 
 
Two types of energy are required for the planned smart living building: heat and electricity. Heat could be 
delivered by various methods, and their related specific carbon emissions have been analysed. Because of the 
recent significant improvements in heating technologies, environmentally efficient ways to provide heat now 
allow us to fulfil the 2050 objectives. Electricity supply in the context of the blueFACTORY comes from the Swiss 
electricity grid and electricity produced on site using photovoltaic (PV) panels. The specific carbon content of the 
electricity from the grid varies over time. At the present stage, only an annual average value is provided by the 
electricity supplier. The carbon emissions for the electricity provided by PV panels have been evaluated, which 
allows us to quantify the environmental benefits of producing electricity on site. 
 
Some general aspects of storing heat and electricity are set out. Existing technologies, their specific 
characteristics and implementation parameters are summarised. In any case, the storage process mitigates the 
environmental impact of the energy used. The specific case of seasonal thermal storage for covering domestic 
hot water demand is taken as an example. The embodied energy related to the tank is of prior importance when 
demonstrating that the carbon benefits obtained during its period of use cover the amount of GHG emissions 
involved, as is required for its implementation. The potential thermal inertia in the walls also requires careful 
monitoring to achieve a positive balance. Concerning electricity storage, the main parameters of this choice 
should not just include the embodied impact; the round-trip efficiency and charge/discharge life cycle numbers 
must also be taken into account in order to make a proper evaluation. 
 
Systems consider all the components that use operative energy to provide comfort to the users of the building. 
These systems are ventilation, heating and its distribution, as well as lighting and appliances. Appliances are 
currently a major contributor, but it is difficult to achieve a reduction in their intensity of use by using an 
architectural solution. There is significant potential to reduce consumption by artificial lighting. Measures such 
as specific visual comfort zones, where only the workspace areas are optimally lit during the required time, have 
been proposed. The implementation of natural ventilation in place of mechanical systems is viewed as an 
efficient way to substantially reduce environmental impact. 
 
Buildings can influence the mobility of their users. For example, an evaluation has been made of the number of 
parking spaces provided to building users and their influence on both the environmental impacts of user mobility 
and the embodied impact of the building. The development of these impacts is analysed for different parking 
availability, for the present day and for a future case in 2050. The study demonstrate that the environmental 
weight of the direct and induced impact of parking places is in both time a key issue.  
 
The usability of a building is strongly influenced by the ōǳƛƭŘƛƴƎΩǎ users. A social survey enables us to identify the 
dwellers needs of the future smart living building and their related working schedules, workloads and work types. 
The attitude of the users towards their working environment and their willingness to control and share their 
workspace is discussed. It is proposed to allow for a denser population by improving the usability of the working 
space. A reduction in electricity consumption ŦƻǊ ǳǎŜǊǎΩ appliances is suggested, through a systematic 
implementation of general switch-off systems in each office. The optimisation of functional space locations could 
contribute to a reduction in operational impact. For instance, the spaces needing higher brightness levels (e.g. 
workspaces) shall be located closer to the windows, and shall not be designed with large depth. 
 
The particular nature of the smart living building and its goals require a new design tool or method that is able 
to integrate the considerations related to energy consumption, the environmental impacts and performance 
related to the entire building lifespan at an early phase of the design process. The proposed method consists of 
two parts: climate change design method and building flexibility design method. The factors that can influence 
the ability of the designers are identified as the quality of the design brief, the skills of the design team, the 
experience of the designers in dealing with similar projects, and the allocation of resources for the project. Other 
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information has also been requested, such as the knowledge of users and the properties of building components 
in terms of energy consumption and carbon footprint. The acquisition of this information is described in the 
experiments chapter.  
 
In the second part of the report, the transition of the smart living lab design to the experimental phase is 
discussed. Four research topics are planned for carrying out investigations on the smart living building research 
programme. The description, the research questions, the objectives and the necessary work packages are 
presented in detail for each of these four experiments.  
 
The first topic consists of creating a building performance simulation prototype, enabling a variation of input 
parameters to explore their contribution to the overall edifice performance. The use of this tool shall 
demonstrate the potential of design efficiency by simplifying the inclusion of performance criteria in the design 
process. 
 
The second experiment relates to the correlation of low-carbon electricity production and its consumption. A 
strategy based on low-carbon electricity supply and its storage, human behaviour and the electricity 
consumption of the smart living building will be studied and quantified. 
 
The third subject is the optimisation of the relationships between building space and user density. The final 
outputs that are sought include a social database of user knowledge, a prototype of the user environment and a 
set of recommendations or guidelines that can help designers in the fields of both architecture and technical 
engineering to design the working spaces of the smart living building.  
 
The last experiment aims to study the façade, its environmental impact and its influence on comfort. One virtual 
prototype is planned to provide a better understanding of the parameters involved in the LCA evaluation and to 
underline which aspects need to be highlighted in the design process. A second step will consist of constructing 
a real test chamber based on the results achieved with the virtual prototype. 
 
Within the framework of the scientific concept, a round table was organised between the main local actors in 
the construction sector and the smart living lab researchers. Three different themes were selected, because of 
their potential impact on the scientific programme. The requirement specifications, the constraints on innovation 
and their identification, as well as building flexibility, were debated by the participants. The conclusions of these 
discussions have been summarised at the end of the report.  
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2. Introduction 
 
The vision of the smart living lab project is to create in the heart of the blueFACTORY (Fribourg, Switzerland) a 
living and working space that is ahead of its time: both the building itself ς housing an interdisciplinary, 
interinstitutional centre of excellence in the field of innovative concepts and technologies linked to the built 
environment ς and the contents of the building.1  
 
The building will therefore have to be at the forefront of current practices, and will serve as an experimental 
support centre for the research teams it will house in future.  
 
The exceptional nature of the smart living lab project justifies the setting up of a preliminary research 
programme, whose first objective is to define a brief containing the scientific specifications to be faced by the 
future designers. The approach to integrating these specifications into the construction process also forms part 
of the research. 
 
¢ƘŜ ά{ǘŀǘŜ ƻŦ ǘƘŜ !Ǌǘέ ǊŜǇƻǊǘ ōȅ WǳǎǎŜƭƳŜ Ŝǘ ŀƭΦ όнлмрύ ǿŀǎ ǘƘŜ ŦƛǊǎǘ ŘŜƭƛǾŜǊŀōƭŜ ƻŦ ǘƘŜ ǎƳŀǊǘ ƭƛǾƛƴƎ ōǳƛƭŘƛƴƎ 
research programme. 
This is the second deliverable: the scientific concept. As defined in the previous report, the next deliverables will 
be: 
Á the scientific programme (draft): translation of the scientific concept and the workshops into a brief for 

the future smart living lab designers; 

Á experimentation: construction of prototypes, performance monitoring and feedback; 

Á the scientific programme: the definitive programme that will be submitted to the smart living lab 

designers, to include technical and performance specifications and recommendations. 

 
This report sets targets and suggests technical and architectural concepts to meet them. 
As illustrated in the following figure, the scientific concept is the raw material that will be subsequently translated 
into a scientific programme. This translation seeks to propose a clear and understandable design brief for future 
designers, with a method that will allow them to integrate the constraints that are faced into the design process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Scientific concept and scientific programme definition 

 

                                                                 
1   EPFL | UniFR | EIA, smart living lab, Summary document, Version 6, February 2014. 

Translation 

Scientific Concept = Scientific Programme Content 

¶ Goals 
 

¶ Tools & Methods 

¶ Architectural & Technical Solutions 
 

¶ Obligations to achieve performances 

¶ Obligations to implement technical 
solutions 

¶ Recommendations 
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3. Scientific concept structure 
This chapter aims to justify the way chosen to describe the scientific concept. First, the utility of environmental 
targets is discussed. Secondly, the method which enable to fix these targets is described. Finally, a 
decomposition of the smart living lab building is proposed in order to attribute these targets to building macro 
components called vital organs. 

3.1. Towards environmental impact targets 
The optimisation of complex systems typically involves a large number of design variables and corresponding 
multidisciplinary analyses. Due to the large amount of information required for calculating the impacts, buildings 
are considered more complex than systems in other industrial sectors. A translation of objectives in terms of 
target values helps to optimise this complex system by reducing time and effort in the design process. The 
definition of target values has two purposes: 
 

¶ To show the goods and services with biggest influence in an identification analysis; 

¶ To guide the design process towards defining goals in complex and multidimensional systems.   
 

Figure 2 has tabulated the comparison of targets with the environmental impacts of building components and 
systems, using two examples. In case 1, even though the impacts of some building components and systems are 
above the sub-targets, the overall impact of case 1 is below the target. Balancing the impacts of all the systems 
and components allows case 1 to achieve the goal.  
 

 

Figure 2 : Comparison of the impacts of building components and systems with their respective targets (red lines) 

In case 2, the total impact is above the total target, so it does not achieve its goal. Some of the building 
components and systems present impacts that are below the target, while others have impacts that exceed the 
target, but the benefits of having some low impacts are not allowed to counterbalance the impacts that exceed 
the sub-targets. This is why additional improvement is required, especially for those components and systems 
whose impact exceeds the target. These comparisons of the targets against the impacts of the components and 
systems can guide the life-cycle assessment (LCA) practitioners in determining where to direct their efforts in 
order to improve building performance.  
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Figure 2 shows a second utility of the definition of target values. In case 2, only lighting, technical equipment, 
ventilation and slabs have not met their respective goals. The comparisons of the targets with the impacts of 
building components and systems identify that the impact of slabs, and the improvement of this, is less important 
than improving the impacts of lighting. A results analysis classifies lighting, technical equipment, slabs and 
ventilation according to the significance of the improvement of their impacts. 
 
The purpose of improving the impacts with the help of targets is to meet the objectives defined for the project. 
Lƴ ά{ǘŀǘŜ ƻŦ ǘƘŜ !ǊǘέΣ (Jusselme et al. 2015) have been presented the global target values of the 2000-Watt Society 
vision, which the buildings must meet by 2050. The definition of robust targets is a step-by-step process, using a 
bottom-up approach. In the next section we will present a calculation of the 2050 targets for the smart living 
building at the component and system scale. This aim of this process is to guide us in designing the smart living 
building so that it will achieve the 2050 goals according to the 2000-Watt Society vision, with an evaluation of 
targets that can be used by the architect, civil engineers, thermal engineers, etc.  
 

3.2. 2050 targets ς definit ion for the smart l iving lab 
 
The purpose of this section is to define robust environmental impact targets for the smart living building at the 
components and systems level. The definition of impact targets for a building can be viewed as a step-by-steps 
process, combining top-down and bottom-up approaches in a population of case studies. In the first step, the 
desirable global-level impact targets for the buildings have been defined using a top-down breakdown of the 
2050 objectives. These objectives have been inspired by the 2000-Watt Society vision, which is promoted by the 
Board of the Swiss Federal Institutes of Technology.  
 
The component and system targets are then defined using a bottom-up decomposition of the building impacts. 
The values of the targets depend on the carbon weighting of components and systems and the embodied primary 
and non-renewable energy, which is directly influenced by building performance. To increase the robustness of 
the calculation of targets, a population of projects containing buildings with different performances should be 
created.  
 
A database of projects can be generated using the Morris method. A Morris sensitivity analysis allows us to create 
a set of projects by changing the design parameters influencing the performance of a building one at a time. The 
sensitivity analysis identifies which key data or assumptions significantly influence the output of a model, in 
quantitative or/and qualitative ways. In the context of a smart living building, this sensitivity analysis helps us to 
better understand the design parameters and their influence on the global building performance. Other 
sensitivity methods such as the variance decomposition method, the Monte Carlo method, Sobol sensitivity 
indices, etc  are proposed in the literature (see e.g. Iooss, 2009). In the context of the present study, the Morris 
method is considered to be the most suitable method, since the other methods are more complex, need a lot of 
information and parameters and are time consuming. The application of the Morris method needs a minimum 
number of runs, which is a function of the number of trajectories (successions of points starting from a random 
base vector in which two consecutive elements differ only in one component) and the number of inputs in a 
model.  
 
The KBOB database (Friedli et al., 2014) and the lifetime of components proposed by PI-BAT (Meyer et al., 1995) 
have been used for assessing the environmental impacts of each case. Lesosai software (E4tech, 2008) has been 
used for the energy consumption assessment. The environmental impacts of a given population of projects form 
the basis for the calculation of the impact targets.  
 
According to the 2000-Watt Society vision, the number of users of the smart living building is required in order 
to make an appropriate calculation of the targets. There are different approaches for evaluating the number of 
users of a building. The first approach used in this study was inspired by SIA 2039 (Hänger and Schneider, 2011), 
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ŀƴŘ ƛƴǾƻƭǾŜǎ ŀ άǎǘŀƴŘŀǊŘέ ǎǇŀŎŜ ŀƭƭƻŎŀǘƛƻƴ ǇŜǊ ǇŜǊǎƻƴ όслƳч ŦƻǊ ǊŜǎƛŘŜƴǘƛŀƭ ǳǎŜΣ плƳч ŦƻǊ ƻŦŦƛŎŜ ǳǎŜ ŀƴŘ муƳч Ŧƻr 
school). For the smart living building, the residential area, office area and experimental area are divided by these 
standard space allocations to calculate the numbers of users. The alternative approach is based on the 2000-
Watt Society vision. AccordinƎ ǘƻ ǘƘƛǎ άŜŦŦŜŎǘƛǾŜέ ǎǇŀŎŜ ŀƭƭƻŎŀǘƛƻƴΣ ŜŀŎƘ {ǿƛǎǎ ŎƛǘƛȊŜƴ Ƙŀǎ слƳч ƻŦ ǊŜǎƛŘŜƴǘƛŀƭ 
space, 5m² of office area and 2.5m² for school. We have calculated the numbers of people in the smart living 
building using the average effective space allocation of three architectural feasibility studies carried out for the 
smart living building. The results obtained are presented in Erreur ! Source du renvoi introuvable.. More details 
about the three architectural feasibility studies of smart living lab, and the number of peoples associated to each 
space destination are presented in Erreur ! Source du renvoi introuvable.. 
 

Table 1: Number of people in the smart living building according to standard and effective space allocations 

 Residential Office School 

no. of standard person2 21 45 58 
no. of effective person3 21 333 507 

 
The overall environmental impacts in the case studies are distributed among people based on their effective 
space. The literature proposed top-level impact targets only for a single-destination building (residential, office 
or school, etc), but the smart living building is a mixed-use building. The targets for this building are assessed 
with the help of the following equation: 
 

Ὕ   

Ͻ Ͻ Ͻ
      (unity: Impacts / personeff) 

 
where T represents the impact targets. The impact targets are calculated using a simple linear regression of 
impacts to the 2050 objectives. 
 
The calculations of impact targets in the smart living lab are based on three different populations of cases: 
projects representing current best construction practice in Switzerland (78 case studies, known as the first 
sensitivity analysis); projects representing very high-performance projects anticipating possible future 
improvements in building construction and operation (90 case studies ς hereafter called the second sensitivity 
analysis); and projects capable of achieving the 2050 goals (42 case studies among the 90 cases in the second 
sensitivity analysis). 
 
In the first sensitivity analysis, using the Morris method, 12 inputs are considered, with the number of 
trajectories equal to 6 (4, 6 or 8, as recommended by Saltelli et al (Saltelli et al., 2004)). The inputs of cases have 
been defined in accordance with the recommendations given by SIA 380/4 (SIA 380/4, 2006), as well as three 
architectural feasibility studies carried out for the smart living building. The environmental impacts are assessed 
for each project. Since the purpose of this analysis is to develop possible projects for the smart living building 
that are capable of achieving the 2050 goals, the impact assessment considers materials with low embodied 
impacts. Comparisons of the impacts of each of the 78 projects under consideration with the 2050 objectives 
show that only two cases come close to achieving the goals, but none of them simultaneously achieved the goals 
for the three indicators (CED, CEDnr and GWP). More details about the calculations involved in the first sensitivity 
analysis can be found in Erreur ! Source du renvoi introuvable.. According to Saltelli et al, (Saltelli et al., 2004) the 
Morris method is referenced as a qualitative method. To complete the analysis, successive steps are applied for 
identifying the quantitative influence of the input parameters on the environmental impacts. The absolute and 
relative influences of the inputs are shown in  

                                                                 
2 Number of standard person (personst) are consider the number of users of smart living lab calculated in function of the 
άǎǘŀƴŘŀǊŘέ ǎǇŀŎŜ ŀƭƭƻŎŀǘƛƻƴ όŜŀŎƘ {ǿƛǎǎ ŎƛǘƛȊŜƴ Ƙŀǎ слƳч ƻŦ ǊŜǎƛŘŜƴǘƛŀƭ ǎǇŀŎŜΣ плƳч ƻŦ ƻŦŦƛŎŜ ŀǊŜŀ ŀƴŘ муƳч ŦƻǊ ǎŎƘƻƻƭύ 
proposed by SIA-2039. 
3 Number of effective person (personeff) are consider the number of users of smart living lab calculated in function of the 
άŜŦŦŜŎǘƛǾŜέ ǎǇŀŎŜ ŀƭƭƻŎŀǘƛƻƴ όŜŀŎƘ {ǿƛǎǎ ŎƛǘƛȊŜƴ Ƙŀǎ слƳч ƻŦ ǊŜǎƛŘŜƴǘƛŀƭ ǎǇŀŎŜΣ рƳч ƻŦ ƻŦŦƛŎŜ ŀǊŜŀ ŀƴŘ нΦрƳч ŦƻǊ ǎŎƘƻƻƭύ 
proposed by 2000 watt society vision. 
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Figure 3. 
 

 

 
Figure 3 : Qualitative influence of input parameters on environmental impacts (78 cases of first sensitivity analysis) 

 
The results obtained for CED, CEDnr and GWP, which are presented in  

 
Figure 3, show that electricity is generally the most critical factor: impacts due to the energy used for ventilation 
and lighting always represent the biggest contributors to the totality of impacts. Thermal contributions, on the 
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other hand, are much more variable, depending on the type of construction; however, their influence on the 
final results is not as great as that of electricity. At a deeper scale, the first analysis was carried out to understand 
the impacts of macro-components within the framework of the smart living building. 
 

3.3. A second sensit ivity analysis was performed in order to investigate more deeply the 
impacts of components and systems with greater influences on the impacts of the 
building. Applying the Morris method in this second sensitivity analysis, 14 inputs 
were considered, and the number of trajectories was 6. This meant creating a second 
population of 90 case studies. For this new population of projects, the inputs l inked 
to electr icity (ventilation, l ighting, appliances) and windows (glazing, frames) were 
improved in order to reduce impacts, so as to develop projects that could meet the 
2050 objectives. As with the first sensitivity analysis, the environmental impacts in 
the second analysis were assessed using Lesosai software (E4tech 2008) and the KBOB 
database (Friedli et al. 2014). For this second analysis, the embodied impacts of PV 
panels and solar thermal collectors was set to zero, but the reported impact was 
placed in the operating part. This method was adopted mainly in order to quantify the 
CO2 content of the energy produced by the PV panels. The GHG emitted for the physical 
production of the panel is divided in relation to the energy produced by the panel 
itself during its entire l ifespan. Hence, some values in terms of kg CO2/MJ have been 
calculated for both technologies ς PV panels and solar thermal collectors. The 
environmental impacts of the electr icity demand of appliances, l ighting and 
ventilat ion are assessed using the values of kg CO2/MJ of PV panels and Swiss 
electr icity grid. It  is no longer possible to see a target value for the embodied impacts 
of PV panels in this way. A comparison of the environmental impacts with the 2050 
targets shows that around half are achieving the goals (42 out of 90), thanks to the 
different input values proposed. The details of the inputs, assumptions, calculations 
and environmental impacts of the second sensit ivity analysis are presented in   

 

Figure A 1: CED Index for the 78 simulations of SA I 
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Figure A 2: CEDnr Index for the 78 simulations of SA I 

 

Figure A 3: GWP Index for the 78 simulations of SA I 

3.4. Morris analysis results (SA I) 
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Figure A 4: Results of the Morris analysis regarding HEATING DEMAND output 

 

Figure A 5: Results of the Morris analysis regarding FINAL THERMAL ENERGY output 
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Figure A 6: Results of the Morris analysis regarding FINAL ELECTRICAL ENERGY output 

 

Figure A 7: Results of the Morris analysis regarding PRIMARY ENERGY output 
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Figure A 8: Results of the Morris analysis regarding CO2 EMISSIONS output 

 
Annex 2: Sensitivity Analysis II. 
 
In the end, the impact targets shown in Figure 4, Figure 5, and Figure 6 were calculated based on these cases. 
The results obtained for the CED show that the impacts of the operation phase are more significant than the 
embodied impacts. For the GWP indicator, however, the increment of the performance of the building makes 
the embodied impacts more significant than the operation impacts. The results also show that the internal 
appliances, lighting and ventilation have the biggest impacts. 
 
According to these indicators and going from the results of the first sensitivity analysis to the cases that achieve 
the 2050 objectives, the results show that the targets for the internal appliances, lighting and ventilation are 
reduced by a factor of 2. This is because, in the first case, the internal appliances are considered using the values 
given by SIA 380/4 (SIA 308/4 2006), whereas the values are considered to be lower in the second case. In the 
cases from the second sensitivity analysis, there was a shorter lighting period in the apartments, offices and 
experimental hall. The surface area of the building that will be lit has also been reduced. These hypotheses have 
brought about a reduction in the amount of electricity used, and consequently a minimisation of the CED, CEDnr 
and GWP results. The targets for the ventilation systems are lower when they are calculated using cases from 
the second sensitivity analysis than when they are calculated using cases from the first sensitivity analysis. The 
reason for this is that, in the cases in the first analysis, only mechanical ventilation was taken into account; in the 
90 cases in the second analysis, both mechanical and natural ventilation were considered. Natural ventilation 
negatively influences heating, by increasing its impacts, hence the impact targets for heating are increased. The 
results show also that the targets of PV panels and solar thermal collectors are zero when 90 case studies and 42 
case studies are used for making the calculation. The reason is that the embodied impacts of PV panels and solar 
thermal collectors are placed in the operating part. 
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Figure 4 : 2050 targets of smart living building for the CED indicator (**from Pfäffli and Preisig, 2011) 
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Figure 5 : 2050 targets of smart living building for the CEDnr indicator (** from Pfäffli and Preisig 2011) 
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Figure 6 : 2050 targets of smart living building for the GWP indicator (**Pfäffli and Preisig 2011) 
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These first results for the CED, CEDnr and GWP indicators presented in the Figure 4, Figure 5 and Figure 6 show 
the possibility and validate the methodology of definition of impact targets at component and system level. But 
to validate the robustness of these targets, it is recommend to enhance the project database.  
 
For these reasons, increasing the number of case studies where other types of materials and systems are 
implemented is recommended for the future development of the impact targets. In addition, statistical methods 
should be used to evaluate the robustness of the target values. The objective of the statistical methods should 
be to form conclusions about the stability of the targets calculated from one population case to another.  
These studies will be part of a scientific paper submitted in the SBE 2016 conference (section 12.5). 

3.4.1. 2050 targets ς definition for mobility 
Mobility and food account for the consumption of renewable and non-renewable energy (See Figure 7: 
Repartition of the cumulative energy demand (CED) for given sector in Switzerland (Leuthard et al., 2011) and 
are emitters of CO2-eq gases (Leuthard et al., 2011), (SimaPro UK Ltd, 2015). For this reason, the 2000-Watt 
Society vision has set intermediate targets for these impacts, which should be met by 2050. Table 2 summarises 
the present impacts of mobility and food and the targets that they must meet by 2050. 
 

 

Figure 7: Repartition of the cumulative energy demand (CED) for given sector in Switzerland (Leuthard et al., 2011) 

 

 
Table 2: 2005 impacts and 2050 targets for food and mobility 

  
CED  

[Watts / pers] 
CEDnr  

[Watts / pers] 
GWP  

[kg CO2-eq / pers year] 

2005 impacts Mobility 1700 1150 2350 

Food 750 650 1150 

2050 goals Mobility 395 382 519 

Food 435 205 158 

 
This section presents the 2050 targets that the smart living building has to meet in minimising the impacts of 
mobility more effectively. The definition of detailed target values concerning mobility is based on SIA 2039 
(Hänger and Schneider, 2011) and the KBOB database (Friedli et al., 2014). The 2050 goals for daily mobility and 
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occasional mobility are defined. Daily mobility includes holiday journeys, commuting and shopping. Occasional 
mobility includes trips made for attending conferences, meetings, training events, etc. 
 
For these calculations, the following steps were followed: 
 

- First, we calculated the environmental impacts of a Swiss citizen. These calculations were made using 

information about the number of kilometres travelled by different modes of transport by a Swiss citizen, 

(Hänger and Schneider, 2011) which was then translated into impacts (corresponding to the values given 

in Table 2). 

- !ǎ ŀ ǎŜŎƻƴŘ ǎǘŜǇΣ ǿŜ ŀǎǎŜǎǎŜŘ ǘƘŜ ƛƳǇŀŎǘǎ ƻŦ ŀ {ǿƛǎǎ ŎƛǘƛȊŜƴΩǎ Ƴƻōƛƭƛǘȅ ǳǎƛƴƎ ǘƘŜ ά/ŀƭŎǳƭŀǘƛƻƴ ƳŜǘƘƻŘ 

for buildings wƘƻǎŜ ǳǎŜǊ Ƴƻōƛƭƛǘȅ ƛǎ ǳƴƪƴƻǿƴέ ǇǊƻǇƻǎŜŘ ōȅ {L! нлоф (Hänger and Schneider, 2011). This 

second evaluation allows us to distribute the impacts that a citizen has in relation to different purposes 

(house, office or education).  

- The impacts on people in the smart living building (based on effective space) are calculated based on 

the results obtained in the previous step. These impacts have been distributed proportionally to 

different modes of transport. 

- In the end, the impacts associated with different modes of transport have been minimised linearly to 

calculate the 2050 targets for occupants of the smart living building based on an effective space 

allocation. 

The results obtained for the CED, CEDnr and GWP indicators are presented in Figure 8.  
 
 

 

Figure 8 : 2050 smart living lab mobility targets 

Much effort is required to achieve the mobility targets presented in Figure 8. To better understand the efforts 
that the users of smart living lab have to make, the target of occasional mobility is translated in number of 
kilometre that a person of smart living lab is recommended to travel in order to achieve 2050 goals.  
Using the equation presented in the section 3.2, we have calculated the 2050 target of the occasional mobility 
for the all the users of smart living lab. 
 

Ὕ   Ὕ  Ⱦ ὲzέ ὴὩὶίέὲςȢσωςzψφρςπφπ ËÇ #/ ÅÑ 

 
According to the KBOB database, for each kilometre travelled by an intercontinental plane, 0.109kg CO2-eq / km 
is emitted per person. 
The target of occasional mobility is divided with the impact of one kilometre travelled by intercontinental plane 
for assessing the number of kilometres that the persons of smart living lab should travel in order to reach the 
2050 goals.  
¢Ƙƛǎ ŎŀƭŎǳƭŀǘƛƻƴΣ ƎƛǾŜǎ ŀ ǊŜŎƻƳƳŜƴŘŜŘ ƳŀȄƛƳǳƳ ƻŦ муΩулл ƪƛƭƻƳŜǘǊŜǎ ǘƻ ōŜ ǘǊŀǾŜƭƭŜŘ ōȅ ŀƭƭ ǇŜǊǎƻƴǎ ƛƴ ǘƘŜ ǎƳŀǊǘ 
living building over one year. If this journey is made by one person in the smart living building, then it must be 
recommended that the rest do not undertake any other occasional trips. This is equivalent to a return journey 
between Switzerland and India. 
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3.4.2. 2050 targets ς definition for food 
 
Targets relating to food are evaluated using the information given by Jungbluth et al. (Jungbluth et al., n.d.) and 
the results of a survey presented by a COOP study (COOP, 2009). According to the COOP results (COOP, 2009), 
the percentages of food consumed in the house or outside (restaurant, fast food, cafeteria, etc.) are presented 
in Table 3. 
 
Table 3Υ tŜǊŎŜƴǘŀƎŜ ƻŦ ŦƻƻŘ ŎƻƴǎǳƳŜŘ ŀǘ ƘƻƳŜΣ ƻǳǘǎƛŘŜ ǘƘŜ ƘƻƳŜΣ ŀƴŘ ǘƘŜ ǇŜǊŎŜƴǘŀƎŜ ǿƘƻ ŘƻƴΩǘ Ŝŀǘ ŀǘ ŎŜǊǘŀƛƴ ǘƛƳŜǎ (COOP 

2009) 

  at home outside 5ƻƴΩǘ Ŝŀǘ ŀǘ ǘƘƛǎ ǘƛƳŜ 

Breakfast 69% 6% 26% 
Lunch 43% 55% 5% 
Between lunch and dinner 96% 4% 5% 
Dinner 22% 45% 37% 

 
The objective of the distribution in percentages presented in the Table 3 is to associate to smart living lab the 
corresponding impacts since it is a mix building. For the residential part of smart living lab are associated the 69% 
of breakfast, 43% of lunch, 96% of the food consumed between the lunch and dinner and 22% of the dinner. For 
the office part of smart living lab are associated only 55% of the lunch. 
Using this information and in accordance to the information about the people in section 3.2, the target values 
for food have been calculated using the same methodology as that used for mobility. The results obtained 
according to this calculation are presented in Figure 9.  
 
 
 
 

 

Figure 9 : 2050 targets of a smart living lab user for food 

Much effort is required to achieve the food targets presented in Figure 9. To better understand the efforts that 
the users of smart living lab have to make, the target of meat is translated in quantity of beef that a person of 
smart living lab is recommended to eat in order to achieve 2050 goals.  
Using the equation presented in the section 3.2, we have calculated the 2050 target of the meat for the all the 
users of smart living lab. 
 

Ὕ   Ὕ  Ⱦ ὲzέ ὴὩὶίέὲρȢτσυzψφρρςσυ ËÇ #/ ÅÑ 

 
According the information presented in Erreur ! Source du renvoi introuvable., the smart living lab is responsible 
for the impacts of 21 habitants, 45 employees and 58 students.  
For assessing the target of one person, the total target of food (1235 kg CO2-eq) is divided with the total number 
of persons (66), giving the value of 18.7 kg CO2-eq. 
One kilogram of beef accounts for emissions of around 15.7 kg CO2-eq, according to the Ecoinvent database 
(SimaPro UK Ltd, 2015). 
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In the end the target of meat is divided with the impact of beef and per 12 months for assessing the quantity of 
beef that a person of smart living lab should eat in order to reach the 2050 goals.  
After this calculation, an individual in the smart living building is recommended to eat no more than 100 g of beef 
per month (including both the lunch and the dinner), in order to achieve the 2050 goals. 

3.5. Vital organs           
The increasing number of necessary components and related techniques takes the complexity of the building to 
a very high level. Climate change challenges in the construction sector demand highly efficient buildings and 
require a full understanding of the performances and interactions between all constituents. It is necessary to 
identify them in order to optimise the major performance contributors (in terms of CED, CEDnr and GWP). A first 
sensitivity analysis based on actual building construction and operation allows for a global synthetic vision made 
up of groups of construction elements, which are the vital organs of a building.  

 
These macro components simplify the understanding of the different mechanisms that ensure overall performance and 
allow for the establishment of a strategy enabling high-efficiency use of the available resources. The vital organs are 

necessary for the performance of a building and have their own specific performances. They are the envelope, the energy 
supply, the technical systems and mobility (See  

Figure 10). Energy fluxes and dynamic relationships between these subsystems are made efficient through user 
behaviour and storage technologies. The global performance strategy is more accessible using a definition of 
vital organs, rather than speaking about all components. This vision is used for presenting the scientific concept 
and will be more deeply developed during the scientific programme. It is believed that splitting a building into 
άorgansέΣ as is proposed, has the advantage of probably being continued in the future, independently of the 
evolution of architecture, technological breakthroughs and changing user habits. A vital organ performs well 
when it achieves its function with a low CO2 content. 

 

 
 

Figure 10: Overview of the vital organs of a building 

Envelope 
The envelope is the interface between the ŜȄǘŜǊƴŀƭ ŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘ ǘƘŜ ǳǎŜǊΩǎ ǇǊƻǘŜŎǘŜŘ ǎǇŀŎŜΦ Lǘ ƛǎ ǘƘŜ ǊŜŀǎƻƴ 
why we construct buildings: to protect ourselves from the environment. The envelope is mainly composed of 
external walls and windows, slabs, the roof and so forth. 
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Energy supply 
Energy is necessary for all buildings, and its availability is determined by the external context. The energy demand 
of the smart living building mainly comes from the need to heat the living space and domestic hot water, and 
from other requirements for electricity. Other more complex buildings could require other kinds of energy.  
 
Systems 
The systems provide comfort to users by means of heating, ventilation, lighting and appliances. They are located 
inside the building and are powered by the energy supply. 
 
Mobility  
The mobility of building users has significant environmental impacts. The location of the building in the external 
environment is a major parameter of mobility, but architectural features such as parking space for personal 
transportation and energy supply for mobility also affect this performance. 
 
Storage 
Energy storage decouples the needs of energy and its production. This subsystem is seen as an efficient way to 
couple the vital organs. It could be heat storage, electricity storage, fuel storage, thermal inertia storage, etc. The 
aim of such storage is to better correlate energy needs and a low-carbon energy supply. 
 
Users 
Knowledge about user needs (in term of usage and comfort) is of prime importance in order to create a usable 
and efficient building. Usage intensity and its correlation with low-carbon energy is a key factor of this organ. 
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4. Scientific concept 

4.1. Envelope  

4.1.1. Introduction: envelope functions  
¢ƘŜ ŜƴǾŜƭƻǇŜΩǎ ōŀǎƛŎ ŦǳƴŎǘƛƻƴǎ ŀǊŜ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ƴŜŜŘǎ ŀƴŘ ǘƘŜ ƴŀǘǳǊŜ ƻŦ ŜȄŎƘŀƴƎŜǎΣ ŀƴŘ ǘƘŜȅ Ŏŀƴ ōŜ ǎǳōŘƛǾƛŘŜŘ 
into four main groups: 
 

¶ Protect from external agents,  

¶ Control, related to energy of all types and to flows, 

¶ Support, to resist and transfer mechanical loads,  

¶ Finishing, to meet architectural and aesthetic goals.  

¢ƘŜ ŦƛǊǎǘ ǘǿƻ ƘŀǾŜ ǘƘŜ ƎǊŜŀǘŜǎǘ ƛƳǇŀŎǘǎ ƻƴ ǘƘŜ ōǳƛƭŘƛƴƎΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ŀƴŘ ƎǳƛŘŜ ǘƘŜ ōŜƘŀǾƛƻǳǊ ƻŦ ǘƘŜ 
construction; in this study, attention is focused on the control function and its related meanings for the building 
due to the importance detected by the sensitivity analysis (see Annex 9.4 and Annex 10.4). Control covers all the 
sub-functions of the building which aim to manage the interaction of the construction itself with the surrounding 
physical environment.  
 
Air flow control, for example, is crucial to ensure indoor air quality, to limit energy consumption, to avoid 
condensation and to improve comfort. Lighting control is necessary to ensure indoor visual comfort and, at the 
same time, to provide protection from unwanted glare. These two parameters very much influence the impacts 
of the building, and are related both to the envelope and to the energy system. In this chapter, the passive 
strategies to enhance natural daylighting and ventilation are described, while chapter 4.2 deals with aspects of 
the active strategy to reduce electricity consumption related to these factors. Thermal control is a big issue 
because of the opposite directions of flow in summer and winter. The enclosure should act as a shield to energy 
exchange (insulation) and, simultaneously, should provide energy storage (inertia).  
 
It is clear that these functions need to be translated into functional components, which constitute the envelope 
ŀƴŘ ŎƘŀǊŀŎǘŜǊƛǎŜ ǘƘŜ ōǳƛƭŘƛƴƎΩǎ ŀǊŎƘƛǘŜŎǘǳǊŜΣ ŎƻƴǎǘǊǳŎǘƛƻƴ ŀƴŘ ǇŜǊŦƻǊƳŀƴŎŜΦ Lǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ŘƛǎǘƛƴƎǳƛǎƘ ŦƻǳǊ Ƴŀƛƴ 
components related to the key issues analysed previously: insulation, thermal inertia, transparent elements and 
ventilation elements. From the sensitivity analysis I (cf. Annex 9), it is clear that the most influential components 
are the windows. The ventilation system was computed in a simple way, not detailing all the components but 
just the major ones (like the ducts). Moreover a main assumption was done: the influence of higher ventilation 
rate will influence proportionally the size of the air-ducts. Based on this simplifications, ventilation is one of the 
major contributors in the CO2 impacts. Thus, enhancing natural ventilation could improve overall environmental 
performances. 
 
Insulation is provided by the lŀȅŜǊǎ ŀƴŘ ƳŀǘŜǊƛŀƭǎ ƛƴ ǘƘŜ ōǳƛƭŘƛƴƎΩǎ ŜƴǾŜƭƻǇŜ ǘƘŀǘ ŎƻƳōƛƴŜ ǘƻ ŎǊŜŀǘŜ ŀ ǘƘŜǊƳŀƭ 
shield to attenuate or delete the thermal flux between the indoor and the outdoor, contributing to maintaining 
a comfortable temperature inside and saving energy for air conditioning. Thermal inertia is considered as an 
essential part of the passive strategies to maintain comfort. The functional components related to daylighting 
and ventilation control are usually identified in the glazing elements. Windows are essential to bring light into 
the interior spaces and to make sun gains during winter time; at the same time, they should prevent overheating 
and unwanted direct solar radiation (in summer) and should address glare issues.  
 
The envelope plays an important role in all the standard regulations, as a fundamental element of buildings and 
as a major contributor to their real performance. Standards and national laws fix performance levels regarding 
the physical properties of the enclosure, especially related to the thermal part and thermal transmittance. 
However, despite the growing awareness of the importance of embodied energy and emissions related to the 
ƳŀƴǳŦŀŎǘǳǊƛƴƎ ŀƴŘ ŎƻƴǎǘǊǳŎǘƛƻƴ ǇƘŀǎŜΣ ǎǘǳŘƛŜǎ ŀǊŜ ŦƻŎǳǎƛƴƎ ƻƴƭȅ ƻƴ ƻƴŜ ǇŀǊǘ ŀǘ ǘƛƳŜ ƻŦ ǘƘŜ ōǳƛƭŘƛƴƎΩǎ ƭƛŦŜΣ ǿƛǘƘ 
consideration given only to embodied or operating impacts. There has been no clear, in-depth analysis of the 
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effects and benefits of pushing towards better operating performance (more insulation) or an improved 
embodied performance (fewer materials). One of the goals of the smart living building is precisely to couple 
these two major perspectives (embodied and operating phases) into one single big vision. Regarding the 
envelope, this means weighting the materials involved according to a life-cycle point of view, and understanding 
whether the operating savings are greater than the embodied impact. 

4.1.2. 9ƴǾŜƭƻǇŜΩǎ ƛƳǇŀŎǘǎ ōȅ ǎŜƴǎƛǘƛǾƛǘȅ ŀƴŀƭȅǎƛǎ 
! ŘŜŜǇŜǊ ƛƴǉǳƛǊȅ Ƙŀǎ ōŜŜƴ ƳŀŘŜ ŀōƻǳǘ ǘƘŜ ǊŜǎǳƭǘǎ ƻŦ ǘƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ŀƴŀƭȅǎƛǎ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ŜƴǾŜƭƻǇŜΩǎ ǇŀǊŀƳŜǘŜǊǎΣ 
in order to understand better where criticisms of this vital organ may be. It is very important to clarify that all 
the results obtained are strictly dependent to the assumptions made during the evaluation. Especially, regarding 
the envelope, the materials implemented are the best one in terms of embodied energy, while the operating 
parameters (Annex 9.1 and Annex 10.1) are not optimized for the operating energy saving. Moreover, based on 
the State of the Art, the evaluation is made only on the winter energy behaviour, without considering the cooling 
needs and the comfort assessment. The assumption made is that the building will provide internal comfort during 
summertime with the integrated passive design strategies.  
However, in order to optimise the whole project, it is important to dig into the components and understand 
better the meaning of the results obtained.  
 
From an energy point of view, besides the electrical components, the most influential parameters are the 
windows ratio, followed by thermal transmittance and window type. The sensitivity analysis were made only on 
the heating consumption, without considering cooling needs and comfort assessment. Thus the shading system 
and the inertia effects are negligible, regarding the energy indicators. The effects of inertia become preponderant 
according to the GWP indicator, due to concrete being used as the material for the assessment. Regarding this 
last indicator, the glazing surface still has a medium to high importance, whereas thermal transmittance does 
ƴƻǘΦ ¢ǊŀƴǎƭŀǘŜŘ ƛƴǘƻ ǘƘŜ ŜƴǾŜƭƻǇŜΩǎ ŎƻƳǇƻƴŜƴǘǎΣ ǘƘŜǎŜ ǊŜǎǳƭǘǎ ŀŦŦŜŎǘ ǘƘŜ ƛƴǎǳƭŀǘƛƻƴΣ ǘƘŜ ŎƻƴŎǊŜǘŜ ŦƻǊ ƛƴŜǊǘƛŀ ŀƴŘ 
the windows.  
 

Thermal transmittance and insulation 
The thickness of the insulation influences energy consumption more than the carbon emissions, meaning that 
the impacts of heating due to poor insulation are greater than the embodied impact due to the production of 
the insulation material itself. The boundaries of these results are to be considered as part of the framework of 
the analysis, which has been carried out using cellulose fibre, an insulation material with a very low embodied 
impact.  
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Figure 11: Percentage distribution of impacts on GWP indicators for macro-components. The analysis is made for case 60 in 
the first sensitivity analysis (identified as the best case), changing only the insulation materials: cellulose fibre and polystyrene 

A comparison is made in order to understand the importance of the choice of materials to be used for the 
external walls. Keeping the thermal transmittance fixed but changing the material for insulation, the results may 
change consistently. As shown in Figure 11, comparing the emissions related to the fibre and the polystyrene, 
the results vary by a factor of 25 (from 0.3 to 7.5 kgCO2/kg), indicating the importance of the materials. However, 
giveƴ ǘƘŜ ά{ǘŀǘŜ ƻŦ ǘƘŜ !Ǌǘέ ǊŜǎǳƭǘǎ όWǳǎǎŜƭƳŜ ŀƴŘ ŀƭΦΣ нлмрύΣ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǘƘŀǘ ŎƘŜƳƛŎŀƭ ǇǊƻŘǳŎǘǎ 
need to be avoided due to their high GWP.  
 

Inertia and thermal storage 
Thermal inertia is directly affected by the quantity of concrete used in the construction. The results clearly show 
that the effects on the energy part are much less important than those on the carbon emissions indicator; this 
underlines the need to limit the quantity of material that can be used. These results refer to the actual situation, 
and it is clear that, in the future, a new manufacturing process may exist that could lead to better environmental 
results for concrete. Inertia is also part of the vital organ storage and it is further explored in chapter 4.3. 
 

Windows ratio and frame features 
Transparent elements affect energy and carbon emissions equally, hence the need for further inquiry about the 
correlation between saving energy and the related embodied impact, which was fulfilled in the second sensitivity 
analysis. Windows were decomposed according to orientation and according to the quality of the glass and the 
quality and size of the frames. On the operative part, the east and south façades, due to their large surface, 
greatly influence both heating demand and electricity consumption. This influence is direct in the first case, 
thanks to solar gains, and indirect in the second, thanks to the increased daylighting. A comparison of the CO2 

impacts of a case study with three different scenarios for the glazing part (simple, double and triple glazing) has 
been made in Figure 12 to evaluate the differences in the results. 
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Figure 12: Operating and embodied impacts for carbon emissions in a case study with three different scenarios: single-glazed 
(U: 6W/m2K - g: 0.92 - t: 0.83), double-glazed (U: 1.1W/m2K - g: 0.62 - t: 0.8) and triple-glazed (U: 0.7W/m2K - g: 0.5 - t: 0.72) 
windows. Windows to wall ratio: 0.5 - Frame 25% wood 

Figure 12 shows the results of the three types of glazing for both the operating and embodied sides. Simple 
glazing has the lowest embodied impacts among the solutions, however, the high energy requested to heating 
the indoor spaces due to the higher thermal losses makes this scenario the worst one. All the results obtained 
are strictly related to the case study utilised and to the assumptions made during the analysis. It is important to 
remind that the small embodied impacts are due to the utilization of very LCA performant materials during the 
calculation. As expected, the embodied impacts increase with the increase number of glass in the elements. The 
operating ones, instead, do not follow the same trend. Single glazing has the highest EI due to the low thermal 
resistance of the windows, and the consequent high heating demand. Double glazing is the one that can balance 
in a positive way the two quantity, achieving the best overall performance (OI+EI). It has to be noticed that the 
triple glazing has a higher operative part. In fact, even if the heating demand is lower, thanks to the lower thermal 
transmittance of the element, the lighting consumption is increase, due to the lower lighting transmittance of 
the glasses. 
To achieve the 2050 target value more effectively, all the elements must be weighted towards this double-level 
perspective, and not just considered for the operation or embodied result.  
 
Focusing on the material scale, it is possible to divide the whole windows element into two different sub-
components: the frame and the glazing. The impacts of these elements are very different: in relation to the 
surface, the impacts of the frame are 4.5 times greater than those of the glass (32 and 144 kgCO2 eq/m2). It is 
clearly necessary to investigate the major contributors identified with the first sensitivity analysis more 
effectively and thoroughly in order to understand how to achieve the 2050 goals.  
 

Conclusions 
The second sensitivity analysis, therefore, focuses on the criticisms detected by the previous one, regarding 
lighting, ventilation and windows. These three parameters are strictly correlated since, by improving the 
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daylighting and the natural ventilation, it is possible to act directly on the related electricity consumption. The 
clear conclusion is, beyond the assumptions made at the beginning and dig into the real results, that the envelope 
and the glazing components play an essential role in achieving the 2050 goals, even if the direct impacts are not 
so significant.  

4.1.3. Solutions for the major envelope contributors  
Minimising the embodied energy related to the materials used in the envelope is the first step towards 
minimising the impacts of the envelope itself: during the design stage it will be important to pay attention to the 
quality of the materials used. The choice of natural, recyclable or recycled materials can have significant effects 
on final performance. Regarding the analysis conducted, it is possible to identify different criticisms related to 
the envelope, which must be thoroughly investigated in order to achieve the goals of the smart living building.  
 
Component: EXTERNAL WALL 
Target:  

Table 4: Target values for the external walls in smart living building 

 CED [W/pers] CEDnr [W/pers] GWP [kgCO2/pers year] 

External walls 2.05 1.47 3.37 

 
Solution: LOW-CARBON WALL 
As mentioned above, insulation seems not to be an issue as long as cellulose is considered. Changing the 
insulation material, to polystyrene for example, leads to a significant change in the results. For this reason, the 
impacts of the external walls vary greatly, and practical measures must be undertaken to limit the embodied 
energy due to them. The proposed solution is based on the idea of low-tech innovation, bringing back traditional 
materials into high-performance buildings. This consists of straw insulation and a self-supporting core (the so-
called Nebraska technique (Minke and Friedmann, 2005). This represents a low-tech, low-carbon solution, which 
utilises natural and easily available materials. To evaluate the potential of the low-carbon wall, an emission 
impacts comparison is made between two different types of construction. The thermal transmittance is kept at 
the same level in order not to influence the operating performance, while the composition of the walls is changed 
so as to have an effect on the embodied performance. The straw wall is composed of earth mortar, straw balls, 
a panel of OSB and a layer of render (McCabe, 1993). The other option involves the wall used for the sensitivity 
analysis, comprising render, wood elements, cellulose insulation and wood cladding. The reduction can be up to 
three times less, highlighting the high performance of the proposed stratigraphy in comparison to one that is 
already optimal.  
 
Recommendation:  
The important key point is to use materials with very low impacts from an LCA point of view. Translated for the 
external walls, this means utilising locally available materials that are easy to obtain, with a low level of 
manufacturing required. Another approach is to use recycled and/or recyclable material, which decreases the 
total LCA impacts.  
 
To do: 
The solution requires questions to be resolved in order to understand whether or not it is really suitable for the 
construction of the smart living building. The first point is related to the external conditions of Fribourg: from 
ά{ǘŀǘŜ ƻŦ ǘƘŜ !Ǌǘέ όWǳǎǎŜƭƳŜ Ŝǘ ŀƭΦΣ нлмрύΣ ƛǘ ƛǎ ŎƭŜŀǊ ǘƘŀǘ ǘƘŜ Ŏƛǘȅ Ƙŀǎ ŀ ƘƛƎƘ ƭŜǾŜƭ ƻŦ ƘǳƳƛŘƛǘȅΣ ǿƘƛŎƘ ŎƻǳƭŘ ǊŜǇǊŜǎŜƴǘ 
a problem for construction. Straw is particularly sensitive to moisture (Lawrence et al., 2009) and, therefore, the 
behaviour of the enclosure must be tested and verified. Another criticism is the possible use of new technical 
components in the construction: the smart living building needs to be flexible and adaptable to future change, 
the proposed solution is massive and its suitability to the objectives needs to be better developed. Regarding the 
envelope functions, it will be very important to understand better how the comfort issue and evaluation could 
be integrated in this solution, especially regarding thermal storage and the inertial components needed to 
smooth temperature peaks and maintain thermal stability.  
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Component: WINDOWS 
Target:  

Table 5: Target values for the windows in the smart living building 

 CED [W/pers] CEDnr [W/pers] GWP [kgCO2/pers year] 

Windows 2.35 3.15 4.8 

 
Solution: MINIMISING FRAME 
Windows are one of the major contributors to the embodied impacts in a building. The frame is almost 3 times 
ƘŜŀǾƛŜǊ ǘƘŀƴ ǘƘŜ Ǝƭŀǎǎ ƛƴ ǎǳǊŦŀŎŜΩǎ ǳƴƛǘΦ ¢ƻ ŀŎƘƛŜǾŜ ǘƘŜ нлрл ƎƻŀƭΣ ƛǘ ƛǎ important to minimise these impacts as 
much as possible and, for this reason, a more in-depth analysis on the frame has been done. Two different types 
of frame have been considered: wood and aluminium. The biggest difference is in the frame percentage on the 
whole windows, since metal allows thinner profiles. Referring to the real component on the market, the 
proportion of the frame size related to the window surface is evaluated taking into account the difference 
according to the necessity of double or triple glazing. 
 

 
Figure 13: Relationship between the whole window area and the percentage of frame for two different profiles (wood and 
metal) and for different kinds of panes 

It is clear from Figure 13 that the best solution for minimising the frame is to have a large window surface in 
order to achieve smaller frame proportions. However, a set of simulations has been evaluated on both operating 
and embodied impacts, in order to see which combination of glazing and profile achieves the best results from 
an LCA point of view. Taking into account the related frame proportions, different panes are tested: single, 
double and triple glazing with metal and wood profiles. Unexpectedly, the materials of the frame turn out to be 
more important than its dimensions. The combination that achieves the lowest results in terms of greenhouse 
gas emissions is a double glazed pane with a wood frame. This result indicates that it is unnecessary to use triple 
glazing, from an LCA point of view, and the window frame should be made of wood.  
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Recommendation:  
The basic recommendation is to choose the profile based on the real needs of the construction, and not only for 
aesthetical reasons. Wood profiles are thicker but better performing than metal ones and, therefore, they should 
be preferred.  
 
To do: 
The analysis shows the best combination of windows and frame in the smart living building context; however, 
more generally, the windows, and especially the frame, still give rise to the biggest criticism for the façade 
performance against the target values. For this reason it would be beneficial to work on this part and to integrate 
a profile that could minimise the surface of the frame on the total transparent element.  
 
Component: WINDOWS 

Target:  
Table 6: target values for ventilation, lighting and windows in the smart living building 

 CED [W/pers] CEDnr [W/pers] GWP [kgCO2/pers year] 

Ventilation 3.99 2.75 2.25 
Lighting 16.75 11.43 9.45 

Windows 2.35 3.15 4.8 

 
Solution: CLIMATE BOX 
It is apparent from the sensitivity analysis that the major criticism of the smart living building is represented by 
electricity consumption due to ventilation and lighting. These factors are not directly included in the vital organ 
envelope, but the indirect connection between them is quite clear. The transparent elements influence the level 
of daylighting inside the room and, therefore, decrease (or increase) lighting consumption to maintain the 
desired visual comfort level. Other highlight of the sensitivity analysis is the positive effects of the natural 
ventilation. Its reduced embodied impacts combined with a low carbon heating generation decreases sensibly 
the GHG emissions thanks to a lower electricity demand. Windows, therefore, have a great potential to minimise 
the impacts of the smart living building and to help achieve the goals of the construction. For this reason, the 
solution proposed is to integrate the control of these two contributors into only one element, designed to 
respond to the issues with the lowest impacts possible.  

 
 
Figure 14Υ {ƪŜǘŎƘ ƻŦ ǘƘŜ άŎƭƛƳŀǘŜ ōƻȄέ ŜƭŜƳŜƴǘ ƻŦ ǘƘŜ ǎƻƭǳǘƛƻƴ ς transparent components with shading system, light shelves 
and a special panels for ventilation 
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The basic idea is to have a prefabricated element that could incorporate everything necessary for ventilation and 
lighting: as shown in Figure 14, the glazing part, a shading system to protect from unwanted solar radiation, light 
shelves to enhance the daylighting and a ventilation system. The main purpose of the solution is to manage all 
the issues and aspects related to the windows in only a single component. The climate box aims to incorporate 
all the functions mentioned above, but in a dis-associated way. Separating openings for lighting and ventilation 
makes possible to minimise the frame (due to the implications of openable glazing), at the same time the 
ventilation components could be opaque to reduce the glass impacts. The same is applied for the lighting and 
solar shading, incorporating two different kind of shading system.  
 
Light Shelves  
Light shelves reflect light deeper into the room, reducing the lighting requirements. Basically, they are flat or 
slightly sloped platforms covered with highly reflective materials that intercept the sunlight and bounce it up to 
a reflective ceiling, which bounces it back to the working surface.  
 
Usually, they are placed within the structure, but some models can protrude outside. They can also function as 
fixed shading devices. For efficiency, the internal height of the room should be 3m; smaller rooms could reduce 
the positive effects of daylight reflection. The penetration of the light inside the room is estimated to be around 
2.5 times the height of the windows if the light shelf hang is 1.5m (Kroelinger, 2011). This element is easy to 
integrate, and is formed by an independent plate structure (metal, polycarbonate or wood) and a reflective 
surface (metal or water). In order to minimise the environmental impacts related to this element, the material 
must be chosen according to the life cycle assessment. Operating savings and embodied impacts must be 
weighted to guide the implementation of this element. In order to amplify its effects, it must be designed 
together with a reflective ceiling (white, metal). Positioning is also very important as, on a north façade and in 
orientations that have different radiation profiles, the effects must be analysed better. 

 

 
Figure 15: Scheme showing the functioning of the light shelves to bring light deeper inside the room 

Bottom-Up Sun Screen 
The bottom-up sun screen couples the sun protection and the psychological comfort related to the view out from 
the working spaces. The screen slides from the bottom part of the windows, excluding the direct solar gains 
entering through the lower part of the transparent element, protecting the working surface and the related 
activity area from glare. At the same time, it is still possible to keep a portion of the outside view if a fixed light 
shelve is also used as a sunscreen. The main characteristic of this element is the possibility to shade the work 
station from glare without shading the whole windows surface. In this way the upper part could continue to let 
the solar gains entering the indoor.  
The criticisms of the solution are related to the waterproofing of the elements and to their integration into the 
architectural concept, since the frame of the screen is visible and requires larger elements than normal top-down 
curtains.  
 
Ventilation column 
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The ventilation column is integrated in the modular windows, providing better comfort to each room. According 
to the sensitivity analysis results, the most efficient option is coupling natural ventilation and efficient heating 
supply system. For this reason the element will integrate natural ventilation and enhancing natural air exchanges.  
Some sensors can be placed to automatically open the element when needed. The opening flaps allow fresh air 
to be flushed through during the night, without interfering with the security of the premises. At the same time, 
they can be integrated with PV cells, in order to contribute to the production of electricity. 
 
A similar set of components is provided by TEmotion, by Wicona.4 This element regulates ventilation, sun 
protection and natural light at the same time, thanks to an adaptable control system. The module consists of a 
window with a normal solar screen and a ventilation column with automatic flaps covered by PV cells. The 
simulations shows that it is possible to save up to 40% of primary energy thanks to the mechanical control of all 
the variables described. 
 
To do: 
The existing solution shown incorporates windows and a hybrid ventilation system. Due to the nature of this 
element, one of the biggest criticisms is the maintenance of the fixed windows and all the components. 
Moreover, the technology required is highly visible from outside and takes up space on the inside, so it needs to 
be well integrated into the architectural process. On a larger scale, it is also necessary to investigate the suitability 
of the component for the smart living building programme, especially regarding the performance, the guaranteed 
ŦƭŜȄƛōƛƭƛǘȅ ŀƴŘ ǘƘŜ ǳǎŜǊǎΩ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǇŜǊŎŜǇǘƛƻƴ ǊŜƎŀǊŘƛƴƎ ǘƘŜǊƳŀƭΣ Ǿƛǎǳŀƭ ŀƴŘ ŀŎƻǳǎǘƛŎ ŎƻƳŦƻǊǘΦ !ƴƻǘƘŜǊ ƻǇŜƴ 
question that must be faced is the integration of natural ventilation in the building: to cut the impacts of the 
electricity required for the ventilation system the best solution is in fact to use only natural ventilation. However, 
it is not clear yet if this strategy could be used in the smart living building context. Thermal and acoustic comfort 
must be assessed to evaluate this possibility.  
 

4.2. Energy supply 

4.2.1. Introduction 
Providing energy to the smart living building in a sustainable way in order to guarantee the comfort of the users 
and to assure the usability of the building itself is fundamental to achieving the 2000-Watt Society targets. The 
ŜƴŜǊƎȅ ƴŜŜŘŜŘ ǘƻ ƳŜŜǘ ǘƘŜ ōǳƛƭŘƛƴƎ ǊŜǉǳƛǊŜƳŜƴǘǎ ƛǎ Ƴŀƛƴƭȅ ƻŦ ǘǿƻ ǘȅǇŜǎΥ ƘŜŀǘ ŀƴŘ ŜƭŜŎǘǊƛŎƛǘȅΦ !ŎŎƻǊŘƛƴƎ ǘƻ ά{ǘŀǘŜ 
ƻŦ ǘƘŜ !Ǌǘέ όWǳǎǎŜƭƳŜ et al., 2015), the cooling needs will be covered by appropriate passive strategies and design. 

4.2.2. Heat  
Heat is used principally for Space Heating (SH), but also for Domestic Hot Water (DHW). There are many ways to 
reach the target values related to the heating supply as shown in Figure 16, while finding the right balance 
between the energy demand of the building [kWh/m2] (x-axis in the Figure 16) and the quality of the energy used 
[kg CO2/kWh] (y-axis in Figure 16).  
 

                                                                 
4 http://www.wicona.com/en/int/Product/Facade/TEmotion-Intelligent-facade-concept/ 



  
 

  35 / 128 

 
Figure 16: Current state and path to zero-emission buildings (Leibundgut, 2011) 

The first sensitivity analysis has been used to understand which level it is possible to reach with the current 
practices. This is why all the energy resources available (renewable and otherwise), with their related systems, 
have been selected. Therefore, four possibilities have been proposed as regards the heating supply: 
 

¶ Natural gas: this solution is the only one involving the use of fossil fuel. 

¶ Pellets: ƛǘ Ƙŀǎ ōŜŜƴ ǎŜŜƴ ƛƴ ά{ǘŀǘŜ ƻŦ ǘƘŜ !Ǌǘέ όWǳǎǎŜƭƳŜ Ŝǘ ŀƭΦΣ нлмрύ ǘƘŀǘ ǿƻƻŘ ǇŜƭƭŜǘǎ ŀǊŜ ǾƛŜǿŜŘ ŀǎ ŀ 
high-performance method in Minergie houses and they are therefore often used. 

¶ Waste heat (district heating): this solution has been selected to model the waste heat from the nearby 
industrial area. 

¶ Electricity (heat pump): electricity and heat from the ground are two resources available in the area, so 
a heat pump with geothermal probes has been selected.  
 

Table 7 summarises the CO2 emissions of the different energy resources used in the analysis, for 1 MJ of Higher 
Heating Value (HHV). 
 
 

Table 7: CO2 emissions for different kinds of fuel, for 1 MJ of HHV (Friedli et al., 2014) 

Resource Emission [g CO2/MJ] 

Wood 3,2 

Pellets 9,6 

Electricity HP 13,8 

Natural gas 63,3 

 
As already stated, heat is also needed to cover the DHW demand. Solar thermal collectors are coupled with the 
chosen heat production system to provide hot water. Since solar collectors alone cannot feasibly supply the 
entire demand for DHW, it becomes important to understand how the integration of this system can influence 
the final energy (and thus the emissions) used to meet thermal needs. The value used to describe this parameter 
is the percentage of covering the hot water demand during the whole year (between 0 and 60%).  
 
The results of the first simulations are presented in Figure A 1, Figure A 2 and Figure A 3 in the annex. From these 
figures, it may be understood that any of the proposed solutions, in these conditions of usage, is able to achieve 




























































































































































































